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INTRODUCTION

The necessity in creation or modification of stmdai"ts to the handling qualities was
arisen more than once, each time because of the appearence of the new generation of
aircraft, The importance of correct choice in flying qualities was understood by the
engineers after the first flights of the airplanes. Expirience in aircraft design
accumolated in thirties - forties allowed to develop the reliable methods for caleulation
of parameters supplied the necessary stability and quaranteered the required handling
qualities simultanuosly. The exposed handling qualities criteria basically reflect the
peculiarities in manwval control typical for aircraft of that period what with taking into
account the simularity of created aerodynamics configurations allowed to formulate the
first requirements to these criteria at the end of the Second World War. The further
expansion of flight envelope and automatization of manual control associated with
creation of new generation of aircraft in fifties led to irregularity of many existed flying
qualities eriteria. The exposed new peculiarities in manual control of these aircraft and
their characteristics allowed to create new standarts for flying qualities and their
further modification. Because of the simularity of aircraft dynamic characteristics (i.e.
classical dynamics), aircraft control devices (column/wheel and central stick, pedals)
and displays (instruments) the process of handling qualities design for these aircrafl was
carried out by use the developed standards based on the previous generation with the
further refinements made during the following test phase.

Such approach was simularin US and Russia too and has become inadequate in
recent years due to: |

1. The incorporation of Fly-by-Wire (FBW) control systems changed the aircraft
dynamics considerably.

2. The use of new control devices (inchuding miniwleel, sidestick) and displays
(HUD HDD).

3. The high costs associatéd with mtroduomg control b}’bt&ln modifications in a late
phaqc of the dc*ugn ‘ ' _

4, Increased rcqunemcnts to the ﬂtght safety and cﬁicmnvy in fulfilment of the
mmxon , I : ,

Thc empmc,al way of tﬁal and error used in hand]mg quahtm, design is non-
qystcmatxc and obtained rcsults have a rather low level of predlctabxhtv up to now. It
doesn’t consider a strong influence of the factors assosiated with peculiarities of highly
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avgmented aircrafl, piloting tasks, and technique. This fact becomes particular evident
when choosing the adequate (optimum) silution of the piloting task which should bc'
performed with high precision and with 2 minimum demand on pilot effort.

The attempt to create the new criteria (for example, equivalent time delay Tp) taking.'
into account some typical peculiarities of highly augmented aircraft with combination
with trial and error technique was unsufficient in many cases. Very offen the results oi‘l
flight tests didn’t correspond to the recommendations obtained by use the criteria

included in last version of standards, l

In many cases this fact assosiated with the reason that many phenomena arizing in
piloting of modern airplane take place in pilot controlled element closed-loop system.
The specific peculiarity of this system is the considerable influence of many task
variables on pilot behavior and its characteristics, At the same time the proposed new
so-called, alternative criteria (for example Neal-Smith criteria) didn’t take it into
account, and as a concequence have low potentialily in prediction and aceuracy. .

Becanse of this circumstane the problem in creation of new criteria and standarts or
their modification on basis of new fundamental approach arisen now very sharply. '

This approach and criteria have to take into account the modern and future level of
augmentation, possibility in appearance of new generation of airplanes, the increased l
level of requirements in flight safety and efficiency in flight mission and current
shortcomings of existed standards. The research in this area were carried out by many '
investigators. The more perspective way in solution of problem bases on study of pilot-
vehicle closed-loop system by use the elements of system analysis, .

In {1] there were carried out research on analysis of some reasons of PIO tendency '
for the highly-augmented vehicles and development of criteria for prediction of this
phenomena. It was used aspects of so-called “system approach” in the investigation of
problem allowed to expose some new regularities in pilot-behavior in precision manual
conrtol tasks and to get the unique criteria for the prediction of handling qualities and l
PIO tendency. The current research continues the investigation in this area,

There are di_iscusscd the context of the problem in standardization of flving qualities l
and formulatec_i the system approach for its solution,

There are also considered the results obtained by use this approach. Whuch are the '
following .

- the modified criteria for the prediction of handling qualities and PIO tendency, l
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- the technique for the definition of desired and adequate task performances,

- the results of pilot-vehicle system investigations for the new bank of dynamics
configurations, including Have PIO [2] and Have GAS [3] configurations,

- investigation of pilot-vehicle system characteristics in refueling task including the
research on influence of different variables, phases of flight, types of aircraft response
and development of handling gualities criteria.

There were considered also and some results in optimal control modelling of
human-operator behavior and use the modified OCM to a number of piloting tasks.
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CHAPTER 1
ANALYSIS OF PROBLEMS IN USE OF THE STANDARDS FOR THE FLYING QUALITIE

OF NEW GENERATION OF HIGHLY AUGMENTED AIRCRAFT AND THE WAYS FO
THEIR SOLUTION »

The standards for the flying qualities were developed always by the generalyzation o'
knowledge about the dynamics peculiaritics of aircraft created in previous ycars. Suct
way in development of standards had some historical stages. Character feature each o!
them was the unaccuracy of the developed criteria for the new generation or th
absence of corresponding criteria reflecting their specific peculiarities.

The considerable expansion of the function of automatization used in fly-by-wir
flight control system of the modern aircrafi allowed to change considerably the
classical aircraft dynamic supposing the maximum accuracy in each piloting task. Thi’

purpose of current stage in creation of aircraft can lead for specific combination of
different task variables to appearance of new peculiarities and side cffects nontypical fml
the aircraft of the previous generation,

The attempt to define the appropriate dynamics for each piloting task led to idcz'
[4] a necessity to modify the current standards on basis of nission-oriented
requirements to the flying qualities. The close princeples were proposed and by authorl
of current report in [5]. It was demonstrated there that the correct solution in any
manual control task depends on understanding of the considerable influcnce of man
task and other pilot-vehicle system variables on characterictics of its system and
requires the development of system approach. The use of this approach to the problen
of standardization of flying qualities has to allows to climitate the conflict between the
new  features on aircraft dynamics and used criteria, to cxpose the ways fo
modification of standards and to develop the new criteria. The necessity of such

approach can be grounded by the analysis of used requirements and handling qualiticsl

criteria.
This analysis is necessary also for the definition of the tasks which has to be dccidc-d.
in ﬁlodiﬁcaﬁoh of standards and development of new handling qualities criteria. '

1.1. Analysls of principles of standarts to the handling qualitics

Used standards to ﬁlc flying Q11a]it{cs [6,7] bases on the same principles supposing,'
the devision of Toquirements according to:
~ classes of aircraft; ' l
- phases of flight,
i




- pilot rating levels.

For some reason these principles causes the problems.

The devision of airplanes on classes supposses that the airplanes of considered class
have the common dynamic features, Such principle causes the problem in cvaluatiori of
flying qualities for new types of vehicles, such as ultralight and aerospace vehicles,
airships. In general the features of these vehicles don’t correspond to the feafures of
aircraft corresponded to weight or manoeuvrebility defined in current standarts.

The requirements to the handling qualities are defined in suggestion of considerable
difference between the values of short-period and phugoid frequencies. This

circumstance is one of the problem in use of recommendations for ultralight airplane

characterized by low velocities. In that case the values of frequencies in phugoid,

?oh= Y £ 2, and short period motions - =V.F {where F iz a function of

aerodynamic characteristics) begin to approach each other. According to the weight
factor the aerospace vehicles “Buran” and Space Shuttle are close to the 3-4 classes of
acroplanes. However dynamically the characteristics of these vehicles don’t correspond
to them. They have unusual combination in path and angular responses: the shiggish
response in path motion ( more sluggish than the responses of airplanes related to 3+4
classes) and rapid reaction in angular motion, which is more typical for 1-2 classes of
aircraft. This combination didn't allow to apply to requirements used for 3-4 classes of
airplanes for the choice of flying qualities of aerospace vehicles,

Some new types of aircraft (for example airship) have complitly new type of
IERPONSes No con‘cépondcd to the aircraft of any class, It means that many
recommendation of current standarts can not be used for the choice of flying qualities
for these airerafl,

In principle there are not ground to doubt that in fucture can appear any new type
of vehicles characterized by unusual dynamics.

All these chcumstances require to develop more flexible approach taking into
acecunt the poqqfoﬂw of appearance suéh yehicles,

The current standarts suppose the difference in rcqmrcmmts for the three flight
phaScs (A, B, C), The phase A combines all precise tracking tasks. There are the
following _

- air-to-air - tracking task,
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- dive bombing,

- formation flight, l
- refueling,
- terrain following. '

Each of these tasks is characterized by the different coordinate x(t) of outer loop
(see table 1.1) defined the aim of control, the specific set of other coordinates,

controlled element dynamics, W, = -’E% and other tasks variables too. The details of '

this dependence see in [1].

Table 1.1 l
Task The coordinate of outer loop The additional inner coordinates
closed by pilot
air-to-air F=0+ A [ L - *
tracking (L - distance between aircraft
and aim)
t
refueling sL=0L + AH - .
(final stage) *
formation AH, AX AH AB
flight '
terrain AH H,p
following '
flare H p- altitute at the pilot sta- B l
(final stage) tion

Each piloting task is accomponied by the different accuracy in its fulfitment, pilot
workload and pilot ratings. There is shown in [1] that the flying qualities of the same '
aircrafl are evaluated differently for the different piloting tasks. As an example, there
are shown on fig.1.1 the results of investigation of different tracking task: pitch control
and air-to-air tracking tasks of the same dynamic configuration. In pitch control
tracking task the flying quaﬁues were cvaluatcd with pilot ratnig PR = 3, and in air-to-
air tracking tatk-with PR = 6 5. The fulnlment of the last trackmg task is accompanied
by increase of resonance peak of ulosed-loop bybtem and pilot lead compensation (see
fig.1.1). The tramionnanon of measbred characteristics takes place and in case of
adding of the aca.ondeny manuval control task, m case of change of input spectrum or '

any other task varibles, All these circumstarnices require to revise the pm1c1p1e of
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standardization of flying qualities and development of new approach, tacking into
account the plirality of piloting tasks and influence of their variables.

The third and last basic principle in standardization is the difference in requirements
for the levels of ratings. This principle supposes the use of specialized scales. The
widely used scale for evaluation of flying qualities is Cooper-Harper scale. Iis
shortcoming is the absence of any concrete instructions abont the key parameters: task
performances and pilot compensation, defined the values of ratings. It leads to
considerable variance in pilot ratings, dependent on pilots or engineers understanding
about the meanings of these parameters. The investigation of tracking task carried out
in [1], where the permissible level of error was supposed as a task performance,
demonstrated the considerable influence of this parameter on all pilot-vehicle system

characteristics including pilot rating (see table 1.2).

Table 1.2
d, sm 0.5 1.0 1.5 2.0
@ ( deg 45 40 27 12
1, dB 8.15 7.53 6.3 2.3
PR 8.5 8 6 3.5

This result demonstrates the neccessity in determination of key parameters: task
performanses and pilot compensation, for each piloting task, Except this remark the
general conclusion of the considered analysis is the necessity in development of new

flexible approach to the standardization gllg}}g d to get the zgggmmcndaggm to flying
qualities from the single positions for :

1.2, Analysis of criteria for evaluation of aircraft flying qualities

1.2.1.The ;

P

The choice of aircraft and its flight control system parameters (parameter “a ) i
carried oyt by use the requirements to the flying qualities (so-called flying qualities

criteria): F(x); aelV, . The paramctcrs X" inc]udc paramctcrs ‘a” and parameters of

pilot-vehicle qutem “b” Asa nﬂl the cntcna are dctmcd a8 the limit values of flying
qualities F(sc) The approach to these limits is AL,a,ompamcd by the first and the second
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levels of pilot ratings. There are the different ways in the development of aircraft

flying qualities. The basic ways are shown in table 1.3
The criteria for evaluation of flying qualities Table 1.3

Current criteria F Problems

- poor accordance between the predicted

1. Criteria F are requirements to: and real pilot ratings

a. Parameters of controlled element
dynamics describing function

W, (jw,8) of their combination

a= f(ej,aj')

b. Parameters of time response

a= f{x(t))

¢. Generalyzed parameters a*

a*= (W (jo))

2. Criteria F(b) defined by the parameters{- poor reliability in prediction of flying
of pilot vehicle system (*b”) qualities,

- inpossibility to evaluate the influence of
many variables of pilot-vehicle system,

- simplified representation about optimal
{"best”) controlled element dynamics,

- the absense of criteria for the prediction
of PIO tendency.

Basicaly the current criteria supposes the simularity in type response and its nearest
in responses to classical aircraft dynamics. Because of this suggestion many of
requirements are defined in US standards in terms of parameters of well-known

transfer function (for example short period drequency @ o damping ratio ¢ 539-‘) or

combination of the parameters (for example force gradient # 7 , Of parameter

2 A
o f n; ). Simularity in time response for many aircraft of different classes defined

the approach used in stardards where the time response parameters are the criteria (see
[17]). The diffcrcncc between the classic aircraft dynamics and dynamic of highly
augtnented aircraft lead to c{:msidcrablé problem in use of critetia developed for aircraft
wit}i traditional dynamics. For deeper ‘Sunderstancﬁng of the problem there are discussed
belo;w briefly sbme parameters in highly angmented aircraft dyﬁamic.

1.2.2. The brief analysis of some peculiarities in hmghly augmented aircraft

dvnamics :
During the last period the highly auvgmented (or supcradg,mcnted) flight control
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system (FCS) were installed on board of new generation of aircraft (for example, Space
Shuttle, X-29, F-22 (USA), or Buran, TU-204, SU-37 (Russia)). The hig,}l
potentialities of such kind of system increased the interest in design of new types of
flight control system. The preliminary investigations of them and exposed features i
developed highly augmented flight-control system allow to generelyze the peculiarities
typical for all these systems. There are the following.

1. The considerable potentiality in change of airframe dynamics and new types o
aircraft responses. i

2. Nontraditional sideffects assosiated with the functioning of FCS.

The new potentialities in change of aircraft dvnamics l

The destination of FCS for the new generation of aircraft has changed considerably.
Instead of the systems supplied the improvement of handling qualities (case of lowl
level of avgmentation) FCS transform them in system supplied the necessary handling

qualities. Such function of the modern system led to appearance of variaty reayzing thc.l

new types of responses in lincar range of their fanctioning.At least there are several of.
them discussed below.,

The transformation of aircraft dynamics by use the direct force control, The usc of'
direct force control surfaces allows to realise the new forms of motion (see table 1.4).

The new modes of aircraft with direct force control surfaces Table 1.4.

Ne of Longitudinal motion Lateral motion
modes
1 0 = variable ¥ = variable
"o = const p=20
=20
2 ¢= variable B = variable
6 = const ¥ =0
=0
3 2, =0;y=0 ¥ = variable
6 = variable = variable
o= vaﬁablq Ay = 0

These new modes can be realize by the different Ways. In table 1.5 there are shown
sevetal transfer functions for classical hircraft and aircraft with DLC. In the lat casc

G N D -GN N O e ..
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there is supposed that crosscoupling between the elavator and direct lift control
channel is used to get the first and the second type of modes.

The comparison of classic and DLC dynamics

Table 1.5
Ne of Dynamices with DLC Classical dynamics
modes
1 3 g K Mss-Zy)
.'_9.. = M E B 2 2
I's; .S'(S— ﬂ'fq) 5(5 +~%.5p @S+Q\sp)
£_ {S vy K Mg
9 2
s (s- J‘Jg)
2 é’—(ﬁl =0 - 2 v
o(8) &8) _ KMys - Zys-Zy z)
o8 2.2 2
1x H(;DLC § {8 +2spogps+ wp)
g 1HES T7¢7°2
e L ds) T ss-Zy)

Here (s) is an angle of sight & = 8 + H/L, L is a distance between the aircraft and
aim. The transfer finctions of table 1.5 are obtained without taking into account the
actuator dynamics the aerodynamic effect of elevator and distance between the pilot

and c.g.
The shown transfer functions demonsirate the high potentrality to change the

aircrafi dynamics with help of DLC. It can be approached to W =4k / p in wide
frequency range in pitch control (mode 1) or in angle of sight control (mode 2) in case
when - A g and - Z,;, more then 1. The efficiency of angle of sight control in case of
51.71

mode 2 uonmdcrably depends on the cfﬁucnuy of DLC surface (22,
RMWMMM@MMW
iti 151 new type _Qflgmgnm The hncanzcd structure of flight

conti'ol system is shown on fig.1.2. Here W pr(s) ig the transfer finction of prefilter,

C

W, - aircraft transfer ﬁfinction, W, s and Wg,~are the corresponding filters in

closed-loop sy§tcm, W, - transfer function of actuator.
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The closed-loop transfer functions for coordinates x; and x; are the following;:
7 { Xl
c ¥ 15 X‘} '
1+ WeW g W W,
X
S2
% _ %Y 1 (12)
c .

X XI J
We
The potentialities and consequences from high level of automatization is evaluated

below for high values of coefficients [Wy| >> 1. For such case the transfer functions

{1.1) and (1.2) transform to the following:

= _Pr .
=W, (1.3)
2 X'
o ¥ or ;/}C “ 14
- =W (14
v 1B Xl
l_wc

There is scen that for considered case the controlled dynamics for the tracking
coordinate (x;) is defined by the filters and practically doesn’t depend on the aircraft
dynamics. These filters are defined the dynamics of intermediate coordinate too. In
case of nontraditional response of coordinate x; intermiediate coordinate will be also
nontraditional too.

Main goal in choice of FCS structures and parameters is to supply flying qualities by
approach them to the best controlled element dynamics.

There are considered the several versions of such means. Some of them causes the
appearance of new types of responscs.

The improvement of flying qualitiecs by considerable increase of damping. The

considerable inerease of damping (& Sp) leads to the real roots in short period motion,
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- .

In that case W, = -§= s(ff(g)—(f’ﬁw). For root p {or p,) close to z;, this transfe

-

K.
ECRy) ”CPQ) . For high values of p, this transfer,

function approaches to integral. Such way in improvement of flying qualities cases the

function has the following form: W,= —§=

aperiodic type of time responses in anglurar velocity q and angle of attack motions.
The improvement of flying qualitics by use of Rate-control-attitule-hold (RCAH)

type of system.

This system can be represented with help of block-scheme shown on fig.1.2 where
K q( p+1/T g)

and x=w,. (1.5)

Wy=1, Wy =1, Wy = ;

For this system the transfer finction of aircraft in pitch control is the following '
K (s+1/T,)

= g Loff

W, =
v 2 2
s + 25;1‘”113 +o )

(oY 5

where zero 1/ Tg is the parameter of filter We. The increase of this paramctcr'
(when 1/ Tq =Zy ) allows to decrease the overshoot in time response o Z(t)|

considerably (see fig.1.3). For example, for the same values of parameters @ pand &p

(@, =5 1/s, & = 0.7) the overshoot in @ () for aircraft with RCAH type of system.
supplied 1/ Tq = 3.5 in 3 times less in comparison with conventional dynamics

defined by - Z,,= 1.25. The increase of 1/ Tq allows also to get the slope of W, equal

to - 20 dB/dec in wider frequency range. However because of the dependence bctwccnl

the parameters w,,, » and 1/7, for RCAH type of system [3]
s q

4

\
@p= (_/f’/z’frg )gn ' (L.7)

the considérable inerease of the 1/ Tq can lead to decrease of & and increase of
n

overshoot. Thus the choice of all ﬁaramctcrs 1/7 g’ @, and £ has to have the

n

11

compomize. One of the version of RCAH type of system is the extended RCAH for

’ s+ a
N B P P _ 1
which the préfilter W Py

£

, and & > 2. The diﬂbréncc in values between 1/ Tg
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and - £y, causes to the change in responses on other coordinates too (see fig.1.4-1.6).

It is the consequence of the change in the corresponding transfer functions.
For example for aircraft with RCAH system the angle of attack ofs) and altitude
transfer functions A, g.(s) at the anter of grafity are the following

we o9 Er1/Tg) S (1.8)
Ay -2y 2 '
(s +24wps+op)
it Heg® GHUT)  Kons .

a8 (s-Zy) 2 2
K (s +2,pops+op)

These frequency response characteristics for this system is differed in comparison

with classic dynamics in frequency range ~Zy <o <1/ 7, g- Particullary the slope of

H g (j0)
ajw)

in altitude control considerably.

amplitude in this range is close to - 60 dB/dec what increase the difficulty

The considcfably higher difference in response takes place for the attitude control -
attitude hold (ACAH) type of system. This type of response can be realized by the

different ways

a. By use of prefilter H’pf = T}:{% in combination with RCAH or conventional

dynamics. In this case the aircraft dynamics for pitch angle is the following

0 &) K T(s+1/Ty)
W, = C(ZS) =

‘ . (1.10)
(To+ (5" + 28 10 g5 + 0 5)

where 1/ 7 g is not equal to 2, in general case.

- p . . . C o
e = / 3 ; .
The usage of prefilter W =TT allowed to change the aircraft dynamics in

: : ; a
altitude and angle of attack motion considerably. For case when zero in ¥, is defined

2 _Hl)

by ZW the tra’:hfcr functions W, = O} and !’I{,:a = %{% are the following
Wi ];CT"’ag - (1.11)
I3+ Ds(s +285p5+ @ gp)
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The shown on fig.1.7-1.10 responses ar,(#), 6(t), y(t) and a(t) demonstrate 1hcirl

considerable difference in comparison with conventional dynamics.

The decrease of order in transfer fimcion for altitude (}Ié{) allows to suppose thatl

the usage of ACAH system for precise path control can be accompanied by
considerable decrease in pilot workload and accuracy in control. For case when zero in

e .
W, determines by the parameter 1/ 7, g the equations (1.11) and (1.12) transform ml

the following l
K. T +1/7,
”G‘!: e éma(sz / q) - (1.13) '
T2+ (s~ Zp)S(S +28p@pS+ o g)
KT(s+1/7T,
W - oTis+1/2y) .14y

2 2
(T&+D(s~ Zy)s(s + 2870 8 + &)
The difference in these two groups of transfer functions canses the difference in time '
responses (see fig.1.7-1.10). For the last case the potentialy in improvement of altitude

dynamics by use as the prefilter W},' = yﬁ i is deterioreted. It can be improved by

use  the combination of ACAH + extended RCAH system for which fdtcr'

L

£ Tp+1p+a,

, where & =2, and a=1/ Tq‘ l

b. By use the pitch feedback.

This way in organizing of ACAH of responce has the similar effects as the previous, I
but requires the considerable feedback gain coefficients to pet the results.

The ahalysis of the tendency in development of FCS design allowes to suppore that l
in the ﬁﬁturé the attémpts» on impnj)vcmcnts. of flving qualities with goal to their
optimization for each piloting task will continve. l

. : : ; : L opt
The task of optimization of controlled element dynamics (Ii"'_?p ) was decided in [9] l

. : . : : ‘ opt
and briefly was considered in [1]. There is shown that Wop is a function of input I

spectral  demsity (5;(®)) and pilot limitation paramecters {(time delay © and level of
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normalized spectral density S

2.n, ) le. W;, —f(S r.S =K, ). Because cach

7" an,
- . . » | . opt |
piloting task is characterized by the specific spectral density the W,”  is a function of

piloting task toco. The optimal controlled element dynamics for the first and third
order of input spectral density are the following

2

opt K s+1/7) . K ot
W, "Gl e Gl o) for 8= P (1.15)
© +a;

where the approximate equations for X and o, are the following

 Q p— Lt
7K, ( ‘1
. =2 !—————" K _= e \ L2
T T HKB T »op L
V e 2K,
e
Oopt K5+ a)(s+&)(s+ ) K_z .‘
W fo S =t {(1.16
SR o) by by > 420

: 22
(0 +o 1-)
where @ & & & & are the function of parameters o % Ky, . On fig1.11
e

there are shown the frequency and time response characteristics for these transfer
function.

If we will suppose that these transfer functions are the optimal controlled element
dynamics for pitch angle control than the time response for other coordinate will be
nontraditional, On fig.1.12-1,13 there are shown the time responses of pitch and angle
of attack for the cases when optimal dvnamics in pitch motion corresponds to (1.15) or
(1.16}.

1222, The nontraditional sideeffects assosiated with the functioning of FCS

ihcrc are d;wcuqch below 3 ﬁdccﬁcctﬂ accompaning the process of aircraft control
with highty augmcnted FCS:

- increased time delay,

- consider ablc influénce of nonhnc&nﬁes

- influence of augmentation on cqmvalcnt input spcctrum _

The mcxes¢d time delay. The chaxfacter feature of highly ‘mgmcntcd aircraft is the
wide usage of different filters, compu’&ers realized the compléx algorithms and flight
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control system laws. As a consequence it Jeads to increase of complexity of the
model of aircraft motion to its difference from the second order model described thcl

angular motion of aircraft preveus generation rather accuratily. The difference can be

taked into account by the following equation '
r :3 r
=W, [1%W; '
F
3
where Wc - the equivalent transfer function of conventinal type, l
W; - the transfer functions of different filters. '

The effect of ellement HVI {5y in middle frcqucncy range can be taked into
H

account in many cases with help of time delay element

L —=ST
H W=ze l
;
For the highly augmented vehicle this equivalent time delay has rather conmdcmblc'

values: 0.18 s for Space Shuttle and 0.26 Buran.

The considerable influence of nonlincaritics. Thore arc different nonlincaritics uml

take place in FCS. At least two of them the ratlimit, and position hmit J,,

max ?

can cause the dramatic effects in control process. Such considerable influence is

signals coming to limiters, In linear sense the rate limit leads to considerable increase
of phase delay and decrease of damping of equivalent controlled element dynamics
(see fig.1.14 from [1]). The additional investigation demonstrated the considerable
influence of aircraft flying qualities on the cffects of this limiter. For example aircraft
with considerable bandwith supplied by the FCS and allowed to realize high controlled

clement coefficients can cause the considerable deterioration control process andl

assosiated with high values of feedback gain coefficients and considerable increase of I

increase of PIO tendency. These negative effects can be more significant in comparison
with aircraft with higher phare delay and lower value of bandwidth. In partcular this
phenomena was investigated in process of filfilment of tracking task when input signal
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had the following garmonic form.

{0 = JA/Q (1-cosaj(t-ty) t-ty <2274

\0. — In another casc

where
_ 1
a)l = T—

1
to - Integer {1/ 211"]72] * 2)1’75
=1
0)2 = ?—:\2
Parameters 4;, 7,, 7, are chosen experimentally
Tz = .5, sec,
7; = 0.3, sec,

:
G I O =D =N = Ean e

A, was changed in limits (1 - 10 dg).

This signal was developed in [10] as a mean for provoking of PIO phenomena in
aircraft-FCS8. The example of time process for two configurations demonstrated the '
described above effect is shown on fig.1.15, 1.16.

The influence of augmentation on equivalent input spectrum I

The closure of aircrafi coordinate in FCS the deterioration of characteristics of

equivalent input spectrum of pilot-vehicle system. This phenomena can be explain with

help of the block scheme shown on fig. 1.17a,

W, e ‘
J‘?-’,-
AX | 8 3¢ A o Xi
- | pilot Wpr o o WE Wa an‘ REr .
x .
X 7
§

Fig.1.17a
where




X, - aircrait output on X - coordinate,

7
e 'm . » - ’d - -»
X, - response of / coordinate on turbulence input W (X, =W, W,
I 7 ) o
W, - transfer funetion of nonaugmented aireraft.
XT
For pitch angle
i & M ,
Wodr= ———7: = — a , where & sp and @ sp A€ defined only by aircraft

s +2§@w5ps+m§p

aerodynamic coefficients,

AX - the input for FCS caused by pilot action.

According to this scheme

dp= —Z Wfbj Xy +AX

F
Because of
SRR S
X;=oWWe W, +X,
F 1

the equation for &, is the following

£
> Xy Wi,
5. 1=1 LAX

k Ky
where A=1+ Z lVgin.l'Ifx. 'Wﬁg_
1 g ¥y

i=1
Taking into account this equation and supposing the existance of feedback on A

coordinate, where X is the output signal, the pilot-vehicle system, the scheme

shown on fig.1.17%can be transformed to one of its equivalent (see fig. 1. 178).

X !
Tk
:
. Ax 7 N Xk
~ 1 pilot L Wpr J+ L= LI we L wa Wk_,‘*' ,
| : A
— LAy
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o

)
pilot | | Wf Wp | Waw k +

A

Fig.1.178

Fa)
2 Xy W Wy
; PR
where o= AT -

k a
XV Wy
1 I

Analysis dcmonstratcsjt that the spectral density of the signal d has the maximum in
the middle frequency range (see the fig.1. 1%293;nd depends on the aircraft dynamics and
flight control system parameters. The nearnest of this maximum to the resonance
peak, is the reason of increase of the PIO tendency. The experiments fulfilled on'
simulators with disturbance input confirmed this suggestion. These experiments were

carried out for the Drvden model of random lateral veloecity W, ,(f) demonstrates thcl
obvious maximum in error Sed@), in the middle frequency range. Such sharp

maximum is absent for case of target input. Except it the value of variance of error is '

2
higher than variance of equivalent input o e (fie.l. 18}5), Preliminary investigations '
demonstrates the considerable influence of controlled element dynamics on equivalent
input signal, d when the inprovement of flying qualities in tacking task accompanicd by

deterioration of pilot-vehicle system characteristics in case of disturbance input,

1.2.3. The potcn‘uahhcs of current cdtcna for evaluation of flying qualities of hmgly '
aug,mentcd aircraft , ' : l

Many of wcﬂ - known z;ntcna wrlyrc dcvclopcd in suggestion of conventional
dynamics, The . -appearance of nohtradmonal dynamlps abcordpanmg by considered l
above specific pbcuhantlcs lcads t6 creation of new additional criteria. There are the
following: | I

1. New pa:anictcrs of hircraft dynamiés described thc specific peculiarities. I
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2. Generalized parameters described the generalyzed characteristics of controlled
element dynamics (its decribing function).

3. Parameters determined pilot and pilot-vehicle closed-loop system characteristics.

The necessity in development of new criteria or modification of existed criteria is
assosiated with poor agreement between the recommended from standards and
experimentally bevaluated flying gualities,

The obvious shortcomings in use of the requirements to paramcters of aircraft
transfer function as a criteria can be illustrated by different examples. One of them is

the discrepency between the well - known boundaries of parameiers o s & sp

recommended in MIL-8785C or STD 1797 for the category A and results of
investigation obtained in concrete tracking tasks. There are discussed below the results
in investigation of air-to-air tracking task.

With goal to define the possibility to use the well-known requirements to the flying

qualities {requirements to & s and @ Sp) for evalution of flying qualities in air-to-air

tracking task there were carried out the experimental research. There were investigated
two controlled element dynamics. One of them corresponded to the aircraft with

conventional type of response

2 V.
s - Z;;ng“ z‘ Z“! .
W= Kg— The second corresponded to aireraft with ACAH

2,2 2
s (s +2.§61,w5ps+wg,)

type of response

- |
(s+1/T)s" - Zys- Y Z,)

ro_ L
We=Ke 21 2
(8- Zy)s (s +2¢¥,méps+m@)
The parameters were changel and were the following: -2, = 1.25, 3.5 1/s,

wg = I/Tg = 1.25, 3.5 1/zec, & = 0.286 + 2.0, @gp = 1+ 1- 1/s. Parameter @, was
choosen aéc-orc‘ﬁng the _cquaﬁon wy = 28wy For each configuration there were
alnated ﬂﬁng hua]itics according to fCoopcr—!I-Ia.rpér pilot rating seale and were
measured the integral, spectral and dxcé_{ucnc-y résponse characteristics of pilot-vehicle

systern the distance benween the aircraft and aim was equal 600 m and velocity - 250




a7
—

(ot

m/s. It means that parameter V/L. = 0.42 1/s/ It was supposed that the aim moves

I

randomly with the spectral density Sy = where @, = 0.5 1/s and variance

2 2.2
(@ +ay)

Z 2, . . . . 2,
r;rf; =4 deg (the variance of projection of the motion is equal to 4 srzf). For
evaluation of flying qualities the desired performance corresponded to the value
dyes =175 sm defined in part 3 for evaluation of aircraft flying qualities in pitch

tracking task.
The results of experiments were used for drawing curves of equal PR and equal

2
variances of error o,., shown on fig.1,19-122, Their analysis demonstrates the

existance of directions in inprovement of pilot ratings and accuracy (in decrease of
. 2 o . .
variance of error og). These directions depend on -2y, (or n,) for aircraft with

conventional type of response and on parameter of filter o, = L for aireraft with
q

I

RCAH type of response. There is seen good accordance between the directions for the

first type of aircraft with the line o p = 2§o)q. According to this line the parameters of
the second type of aircraft has to be change (@, = 2§a)q).

The obtained requirements to the flying qualities in air-to-air tracking task are

shown on fig.1.19-1.22. Their comparoson with the well-known ranges of Dgpy and

& sp demonstrated a poor accordance of requirements.
The next example of poor accordance of recommended and evalvated flying qualities
takes place in case of additional filters in flight control system. On fig.1.23 there are

shown well - known boundaries of parameters Vg, and ‘fsp corresponding to the first

and séoond lcvegs in landing task. In the range of this levels there are given also values

D5 and £ 5 éoxrespondmg_ to a number of LAHOS configutations. In spite of all

these configurations have the parameters o sp and & s

actual pilot ratiﬁgs don’t correspond to this level.

bclé:-gncci to the first level their
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Analysis demonstrates that due to the different reasons the new criteria didn't decide
the problem in reliable prediction of flying qualities of new generation of aircraft.
One of the new criteria introduced in modern standard is the time delay. Analysis
demonstrates that the proposed requirements to this parameters (I level - 1 < 0.1 s, il
level - 1 < 0.2 s, IIT level - © < 0.2 5 s) obtained without taking into account the other

characteristics (for example @ 5 and & Sp) don’t correspond to actial pilot ratings. For

example the acrospace vehicle Buran had the time delay close fo1 = 0.26 ¢, According
to the proposed requirements tt is even higher the boundory of the third level at the
same time the pilot rating of flying qualities of this vehicle in the landing corresponds
to PR = 4 + 5. In [11] there is shown that effect of time 'dc.lay can be compensated by
the corresponding choice of other dynamic characterictics. This task was decided by
mathematical modeling where predicted pilot ratings were calculated by the following
equuation
2
PR=ayo,+a,1;
2 3 for T, LSOJS 3 ) _
where oy = 101/ sm , oy= , Tz - pilot lead time.
1 for T,>075 s

Mathematical modeling of single-loop pilot-vehicle system was carried out by use
the the structural approach [14]. Parameters of pilot model were choosen by
minimization of variance of error. The results of this modelling are shown on fig.1.24.
The lines of equal PR - 3.5 calculoted for the different time delay demonstrate the
possibility to keep the satisfactory rating by change the other dynamic characteristics

P and & s In other words the requirements to the time delay and o s £ sp has to

be agreed and has not to be considered seperately. The last takes place in attempts to
develop the generalyzed criteria..

One of such r‘ﬁtcma widely used last tlmc is the bandwidth criteria, wg. In many
cases this gﬁncralyzcd criteria allowed Jro predict the levels of PR rather accurately.
However the flying qualities of aircraft charac-tcnzcd by new typss of responces (ACAH
type) can not br evalnated by this critoria. This limitation can be avoided by use its

analog bandwidth of ajrerafl in path motion, @, . Analysis of different confignrations
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(s -~ Zy) e 'cS

s (s%+ 2egplUgps +w§p)

W, = K

The model for prediction of pilot rating
PR = F(62,T,) = «,6¢ + o,T,
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Fig.1.24. The compensation of time delay 7T
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carried out in {3] demonstrated potentialities of this criteria. The discrepancy with
experimental data took place only for configurations with low damping ratio. From
path control point of view thesc configuration have to decrease phasc delay and
therefore have to supply relately high value of criteria. It has to be accompanied by
improvements of pilot ratings. At the same time because of deterioration of flying
gualities of these configuration in angular motion the evaluation of flying qualities for
these configurations in pith control seighlly deveriorates too. This results demonstrates
the problem in correct prediction of flying qualities in path control with taking into
account the possible closure the pitch angle in inner loop too.

No one of the mentioned above two types of criteria - parameters of aircraft
function or generalyzed parameters didn't take into account the influence of majorily
task variables on pilot ratings. The dependence of these variables on results of
experimental investigation is one of the main reason of poor accordance between
predicted and actual PR.

Such influence doesn’t take into account and for the third group of criteria based on
standardization of pilot-vehicle gystem characteristics.

The discussed below one of such criteria Neal-Smith criteria (see fig.1.23) widely
used by many investigators. One of its main advantage is potentiality to evaluate flying
qualities of aircraft with highly augmented flight control system. Howerer n many
rescarch (for example in [12]) it was demonstrated low potentialities of this criteria in
reliabe evaluation of flying qualities. The reasons of this shortcoming partly analyzed in
[1] are the following.

1. The criteria was obtained as a result of mathematical modelling of pilot-vehicle
system for investigated configurations and pilot rating corresponding them. There were
not fulfiled no one experimental investigation on identification of standarized
parameters of pilot-vehicle system.

The fulfilled in {1] experemental investigations demonstrated the considerable
difference with' modelling parameters. In table 1.6 there are shown results of such

comparison for the several dynamio‘s configuration.
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Table 1.6
Conf. S5A 2B 1A 2D 21 2E
Texp 8.7 23 7 2 3.8 32
finod 95 12 7 4.6 1.4 2.4 1
exp -35 -44 +20 -5 +75 +18
Agp
A mod geg -57 -20 +40 -30 +40 +30
¢ deg

2. The poor accordance between the experimental results and modelling uvsed in
criteria is assosiated with

- the simpilied models of human behavior (crossover model) used iz Neal-Smith
procedure. On fig.1.26 there is shown the describing function obtained in experiments
with one of the configurations. There is seen that it is considerably more complicated
in comparison with chossover model,

- accurate pilot describing function model corresponding to the controlled element

dynamics W, = K /5. The procedure used in criteria for calculation of standardized

parameters supposes that in case when W;= K/ p pilot behavior has the simplest

type and corresponds to W:p =K pc’—x. The results of investigation fulfilled in {13] and

shown in [1] demonstrated that for case when W,=K,/s pilot induces the
adaptation in low frequency range increasing for low values of bandwidth and/or gharp
input spectrum,

- dependence of bandwidth of pilot-vehicle closed loop system @, on the aircraft
dynamics, According to the criteria this value is constant for the gpecific class of
aircraft. Variability of bandwidth was exposed in [1] for different configurations covered

the 1 class of aireraft. Some results of this research is shown in table 1.7.

: Variability of bandwidth . Table 1.7
Configumtion | SA 2B 1A 2D o 2E
g 1/ 29 425 3.16 3.4 185 3.95
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There is scen that all values @ ., are different and don’t correspond to @, = 3.5

BW BW
1 /s, which is recommended in STD 1797 for the 1 class of aircraft.

3. The criteria doesn’t allow to evaluate any other variable except aircraft dynamics.
In {1] there were carefully investigated a number of variables influenced on pilot-
vehicle system characteristics considerably, There are the following

- parameters of input spectrum (its form, bandwidth variance),

- permisgible level of error.

In spite of considerable influence of these variables on resonanse peal, pilot
compensation and pilot rating the criteria doesn’t expose any difference in results.

4. The criteria doen't allow to evaluate aircraft flying qualities for any other except,
pitch tracking, piloting task.

The criteria was obtained as a result of investigation of pitch tracking task. The
attempt to use it for evaluation of flying qualities in other task (for example in landing
[13]) were unsuccossfil. The main reasons in descripency in predicted and actual PR 1¢
assosiated with the fact that the other piloting task is characterized by complitely
different (in comparison with pitch tracking task) set of variables.

All this shortcomings lead to the problem in development of new criteria {or
modification of Neal-Smith criteria) allowed to deside all discussed problems. Partly
this task was decided in {1]. In current report this task has the further continuation.

The closure of pilot-vehicle system can cause the pilot induced oscillations (PIO).
Because of discussed above dynamic peculiarities PIO tendency is character for the
highly angmented aircraft. In spite of this phenomena is well-known and decreases the
flight safety considerably there is no relibale criteria for its prediction up to now. The
research in this area was carefully investigated in [1]. The current work is continuation

of this too.

1.3. The main tasks in development of standardization of flying qualities and
approach for their solution

Due to the main part of flying quah'tit%s of aircraft and its PIO tendency are exposed
themself basically when a pilot closes the loop the dcvclopmcﬁt of criteria for their
prediction has 16 be decided by consideration of pilot-vehicle c.lgoscd-loop system. The
obligatory raqm;:?cmcnt in development of criteria is the high level of reliability in

prediction. For this purpose in Moscow Aviation Institute it was developed the system
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approach which is unique for the other manual control tasks (flight control system

design, development of piloting technique, etc) too. The main principles of thisl

approach are shown on fig.1.27. The context of the approach can be formulated by the
following way:

- the solution of cach applicd manual control task has to be carried out by
consideration of plurality piloting tasks such as air-to-aur tracking, terrain following,
refueling, ete,

- for each piloting task, it has to be chosen the variables adequated to the
considered task. These variables are devided on two groups: task variables (controlled
element dynamics, interfaces, input signal) and pilot’s variables. The detail analysis of
this variables and their dependence on piloting task is given in [1],

- the solution of any applied manual control task has to be carried out by
investigation of pilot-vehicle closed loop system adequated to the considered piloting
task. It means that it has to be defined the loops closed by pilot, the type of the system
(stationary, unstationary),

- the core of the system are the methods for cxperimental investigation and
mathematical modelling. The main requirements to the methods are the accuracy in
measurements and prediction of results. These methods were developed in MAI and
are given in [1],

- the subject for the study are the pilot control and psycophysulogical response
characteristics. In [1] there were defined these groups of characteristics and algorimths
for their incasurements,

- in process of study of these characteristics there are exposed the regulary in pilot
behavior which are the basis for the golution of investigated tasks.

The wide use of this approach allowed to expose a number of fundamental
regularities in pilot behavior:

- low frequency pilot’s adaptation,

- pilots fibﬂitjf to induce the adaptation in all frequency ranges,

- the active use of additional kinestatic information in case when controlled clement
dynarhics has increased time delay, |

- the difference in perception of motion cues in experiments with target or
disturbance inputs,

- considerable influence of pcrmissiblé level of error and dependence of many other

variables on pilot behavior.

-
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These and many other regularities (see {14]) exposed with help of system approach
were widely used for solution of applied manual control tasks. With their help it was '
determined the optimal control element dynamics [9,14], are defined the algorithms
for simulation of motion cues [14], was created the new type of manupulator with l
dynamically changeble spring striffness [15], was developed the criteria for the |
prediction of PIO tendency [1], were obtained many other results. ' ;

The further work on development of criteria for the prediction of flying qualition by ‘
use the system approach requires:

- to define the ways of taking into account the factor of plurality of piloting tasks,

- to determine the additional variables for their further standardization,

- to expose the system parameters (parameters characterized pilot-vehicle system)
for the furter standardization,

- to define the key parameters of Cooper Harper scale (task performances and pilot
compensation) in each piloting task.

In case if the criteria developed from pilot-vehicle system consideration will be
included in new version of standards the problem of their verification on different
stages of aircraft design will be arizen.

For purpose of such verifications it has to be developed the corresponding mcans
uncluding methods, facilities and software. The study of this problem is out of the

frame of the report.
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CHAPTER 2
EVALUATION OF FLYING QUALITIES IN PRECISE PILOTING TRACKING TASKS

2.1. General conception

The evaluation of flying qualities in precise tracking tasks is evaluation of accuracy
and pilot compensation of negative aircraft dynsmic characteristics necessary for its
achievment.

The characteristics of accuracy and pilot compensation define so-called *The flying
qualitics parameter” J. The interval of this parameter lics in limits from Jp (for case

when aircraft has optimal dynamics, Wco])t(s)) up to J. inpur (for case when

W,=W, (s)) For aircraft with transfer function W, (s) any pilot’s atterapt to close the

pilot-aireraft system and to work accuratly causes only a deterioration in accuracy. The
analysis of piloting tasks carried out in chapter 1 and in [1] too demonstrates the
considerable difference in aireraft dynamics and input signals in each of them.

There is considered below a case when the spectral density of input signal has the
same form and different variances for the different piloting tagks. That is absolutely
correct for angle of sight control, for the different distance L between aircraft and aim.
In chapter 1 it is shown in detail that for high distance L the output in pilot-vehicle

%
system is pitch angle, for intermidale L the output is &, =9+ H /1 and for

relatevely small distanse - AH. For all these distances the input spectal density is the
same but the variance o; are different.. For high and intermidiate distances

0';' =f (iq) all these piloting tasks are the tasks of the same class - singleloop

Lo

L
compensatory task. The correlation between pilot rating and Flying Qualities
Paramctcr (FQP) can be obtained for a]i of them by evaluation of pilot-vehicle system
potsntm]mcs on decrease of error and pﬂot compensation. For this purpose there is
quite enough to combmc all known dynamlc conﬁguraﬂom (from all piloting task) in
unique data bass and to carry out the evaluation their flying qualities in the same

conditions.
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There is necessary to notice that due to considerable difference of aircraft dynamic
characteristics in different piloting tasks and impossibility to compensate this factor'

. . . . . fask
equally with help of pilot compensation. The different minimum values of FQP fnil‘;l

For

and pilot rating Rn‘ijn can be reached in each piloting task. This conclusion is shown l
fig.2. the relative FQP J=J / Jinput.. - The parameter Jy;p,, is defined

by variance of input signal. '
The results of this analysis demonstrate that there is possible a case, when in

concrete piloting task the best flying qualities can be outside the first level of pilot'

rating (sec fig.2.1 tasks 2,3). On the other side there is Flying Qualities parameter

7 a%s for each piloting task which valve is defined by the first level boundary of flying

qualities, For example in refueling task J .. is defined by the size close to the size of

central holl of droque. The hit in this size supplies the fulfilment of refueling task with
high probability. Thus the problem in agreement of conditions for evaluation with

task ) ; . .. ,
value of /.o is arizen, There is necessary to define the value of input signal to supply l

the fulfilment of the following condition fé‘«g{r > i,ﬂ‘ﬁ .

After the agreement of all conditions there is possible to get the function
PR = Fo, (]} from the general function PR = F(J) by its displacement down up to its

. . ., slask . . .
crossing with the point (/' , PR, cyery). This procedure is shown on fig.2.2.

Thus the procedurc on evaluation of flying qualitics of different piloting tasks
consists of the following stages.
At the first stage it has be evaluated the dynamic configurations for all piloting tasks

représented by the samie stricture of pilot vehicle system, including the configuration
with optimal dynamics. As a result there is defined the common for all configurations

funcnon PR=TF(J). ,
At_the secc«nd stape the oondmoﬂs for evaluation (vanancc of input signal) is

agreeded wuh rcqmrcmcnt on ﬁllﬁlmcnt of the pjlotmg task J, de‘sf For this task there

is defined its own function PR A Sk(]) It aﬂows to dctcmnnc the corresponding to
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the investigated piloting task the desired and adequate performances for evaluation of
flying qualities in concrete piloting task.
The discussed procedure was used in chapter 3 for evaluation pf flying qualities in

refueling task.

2.2. Development of technique for evaluation of flying qualities by use the piloting

ratings

The pilot rating is a widely used and more general flying qualities criterda. It can bc'
considered as an integral generalization of all his perceptions about the aircraft
motions in fulfilment of mission (or piloting task) expressed in corresponding umits. '
For quantitive expression of the results of this proécss there are used the pilot
subjective rating scales.

The improvement of procedure for evaluation of flying qualities, determination of
relation between pilot rating and ﬂy'ing qualitics paramecter requires the careful analysis
of Cooper-Harper scale (fig.2.3). Analysis shows that there are two qualitively diflerent
interval of ratings. Up to PR = 7 the ratings define the potentialities in achievement of
one from three values of task performance (for compencatory task “the task
performance” is the parameter of accuracy) desired (PR = 1 + 4) adequate (PR = § =+ l
6) and more then adequate (PR = 7). The further deterioretion of pilot ratings (PR =
8, 9, 10) is just assosiated with the possibility to carry out manual control. The second
“the key parameter” of Cooper-Harper scale (see fig.2.3) is a pilot compensation. The
difference in level of pilot compensation is accompanied by difference in pilot rating on
one unit. )

The levels of pilot compensation have the following categories: abscence of '
compensation, minimal, moderate, considerable, extensive, maximum tiolerable.
There are two remarks below based on the knowlege of pilot-vehicle svstem '
characteristics regularities [1,14]:

- All mentioned above s,atcaoncb of pilot wmpematton correspond a parameter of l
the comple\“xw of adapiahon induced by pﬂot to. supply optimal characteristics of
closed- loop svStem For example the abscnse of compensatmn corresponds to a case l
when pﬂot is not rcqmred to mduce ah’y additional compensation to proportional type
of Behavior. Thc other a.a*coc«ry of uompf‘matmn L“ITGSI)Oﬂdb to pilot adaptation '

activity w1th the definited level of compbxttv '
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- For each piloting task there is possible to determine the optimal dynamic
configuration for which pilot behavior will correspond to the proportional type. l
Algorithm for the definition of such configuration is given in [14].
There is obviously that such controlled element dynamics will and have to bcl
evaluated with PRopt = 1.

It will supply also the highest accuracy in filfilment of the piloting task. l
If we shall define the accuracy as a featur of current error e(t) to be inside the l

specific interval d then for the optimal dynamic configuration this interval dopt will be

a minimum.

The deterioretion of aircraft flying qualities causes pilot to induce the corresponding
compensation (lead or/and lag), what doesn’t allow him to realyze the same optimal l
characteristics of pilot-vchicle system as for optimal configuration. As a consequence
the accuracy in fulfilment of piloting task will deteriorete too. The current error will be
outside the interval dopt more frequently basically. It will be in the interval d =

dope TAd. The value Ad characterized the deterioretion of accuracy will increase when l

the flying qualities will deteriorate. It will be accompanied and by increase of necessary l
pilot compensation too,

This value Ad can be considered as an integral parameter of compensation. It defines
the cost for deterioretion in accuracy due to necessity to induce pilot compensation to
suppress the negative flying qualitics.

From all these considerations the conclusion can be made that there is quite definite
relation between pilot ratings and parameter of accuracy colled Flying Qualities l
Parameter (FQP) reflected the description of Cooper-Harper key parameter.

For precise manual control tasks FQP is a value of interval d for which the current '
error e(t) will be inside with very high probability.

The definition of con'cre,tc equation of such relation PR = F(d) = F(dyp,,Ad) is the l

part 'of the technique for evaluation of flying qualities, Its knowledge allows to choose
the f)arar‘ne‘xersi of the desired and adequate task performance and integral parameter of l

pilot compensation. '
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2.3. The relation between pilot-rating and Flying qualities parameter

In many investigation there is used wellknow psyqophysiological Weber-Fechner law
[1}:

PR=AIhJ+B (2.1)

where the constants A and B defined by regressive analysis of experiments of many
dynamic configurations. The results of these experiments consist of pilot ratings PR
and flying qualities parameter. There is offered the following analytical procedure for
definition of parameters A and B. There is supposed that for aircraft optimal dynamics
PR=1land ] = fop[ and for aircraft with dynamics corresponding to PR = 4 the

flving qualities parameter J = J .. For these configurations (2.1) corresponds to the

following two equations

{4 Aln Jges + B

22)
The constants A and B are defined by the equations
A=—32
J Jdes
L S opt
B=1-3l /gy /In I des
g opt
Taking it into account the equation (2.1) can be rewriten as
PR=1+—3 L (2.3)
n T des /. opt '
opt
or
PR=1+ tn(l+-A0 ) 54)
1 Zdes f des Jopt (2.4
Topt opt

wher‘e AJ =J-7 opt is the integral oa}ameter of pilot comoensation or the cost for

increase of Fhmg Qualities Parameter I caused by the ncccqentv to induce pilot
compensation to suppress the negative aucraﬁ flving quahhes For precise tracking
tasks the penchublc level of error d can bc congidered as a parameter I, It reflect the

task performance and pilot compensation.
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It that case equation (2.4) can be rewriten

PR=1+—3 (1AL, 2.5) '
1 des ( Lopt (
dO

pt 1

where Ad = d - dy;, is equivalent to Al

In evaluation of flying qualities fulfitled for the different spectral densities of input '

signal there is necessary to have the adequate conditions for evaluation.

2.4. Adequancy of conditions for evaluation of flying qualities

There is supposed below that conditions 1 and 2 are adequate if the pilot ratings of l
the same dynamic confipuration are equal for them. By use (2.5) there is possible to
get the following equation l

n(l+-Ady | m-Ady

Gopt | _ opt’
n ddes n ddes
dopr i dqpt H

This equation will be correct when
(RN Ad
opt 4 opt |y

—
b
N

N’

1+ s )k = (1+ dng
dapt 4 dopl‘ »

&

The order k in gcheral case can have any value. For case when k = 1, (2.6)

transforms in the following equation

aéd } = dAd (2.7)

opt ’ opt b

dies | _ Yges 2
(2.8)

dopt 1 dopt_,2

'faﬁng into account that Ad = dj 7 - dopt the equation (2.7) have following form:
dad _l _ il ¢

‘ \ 2.9
dop‘fjl dog |

And finally from (2.8) and (2.9) there is easy to get

&




dadJ — ad
dies I ddes h
Thus the Cooper-Harper pilot ratings PR for the same configuration will be same

for conditions 1 and 2 in case if its relative scale will be Ad / dopt-
Thus, the ratios Ad/ dopt Ades / dopts Ay [ dopr and dyq 1dgeg are the constants

(for case k = 1) in the task of evaluation flying qualities. The fillfilled above analysis
demonstrates that the determination of these constants can be carricd out by fulfilment
of experiments with one data base, for example with Neal-Smith data base given in
(163 . . In investigation of other piloting tasks and/or other conditions for their

modelling there is necessary to determine the value dope first of all. Then the
knowledge of constants allows to define the values dg.; and d,4 corresponding to the
new conditions. Only after this stage there is possible to decide the task of flying
qualities cvaluation in new conditions.

2.5. The determination of the constants and test of the function PR = f{J)

The data base given in [ 16] contians: the description and values of parameters of
dynamic configurations in pitch angle control tracking task and Cooper-Harper pilot
ratings in wide range of PR (PR = 2.5 + (7 - 8)). In current research it was evaluated
the values of dopt-\ dgpe. dgg with help of workstation and method of experimental
investigations considered in [1].

The order of the research was the following. For conditions corresponding to Neal-

- pi
K___. o; = 4 sm? see [1]) and taking into account

Smitch data base (S} =
. 2 2.2
(0 +057)

typical pilot’s limitation parameters (time delay, remnant) there were calculated the

optimal controlled element dynamics ¥, ; with help of workstation then there were
op

carried out the experiments on workstation with goal to define interval dopr»

corresponding to W, ; In the samf: way but for Neal-8mith configurations
‘ op : ; :
corresponding to PR = 4 and PR = 6 there are carried out the experiments to
determine the *value” of Flying Qualitics Parameters dgae-and djg.
e
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The experiments gave the following values dopt = 1 sm, dygpe = 175 sm, dyy =

2.54 sm defined the corresponding constants

Ados = 175, Qad - 45,

dopt U dyeg

These values allowed to define the following equation for the function PR = fI)

PR=1+ 5.361hx(1+a§—d—] (2.10)
opt

This fimction is shown on fig.2.4 With purpose of the test of this equation it was
carried out a series of experiments on workstations where the operators determined the
value of Flying qualitics parameter d by fulfiment of experiments. The results of thesc
tests shown on fig.2.4 demonstrated good agreement with the cquation (2.10). The
results of comparison of these equation with results of experiments fulfiled for HAVE
PIO configurations shown on fig.2.5 demonstrated good agreement too.

All these results allowed to recommend the developed equation and technique for

evaluation of handling qualities in different singleloop precise tracking task.
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8 - 1
7 PR=1+5.361Ln(d)
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5 4
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4
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1 : ‘ —

0 1 2 3 4 5 d=d/dopt

Fig.2.4. Agreement of the fanction PR=F(J) with experiments
for Neal-Smith configuration

PR
87
7 - PR=1+5.361 Ln(d)
6 1 59
5 h
{ - Variability PR

4 4
3 J
2 4
1 ¥ ¥ ¥ ’ 1 i T — b

0 ‘ 1 2 3 4 5 d=d/dopt

Fig.2.5. Agreement of the fanction PR=F(J) with experiments
for HAVE-PIO configuration '




CHAPTER 3

THE DEVELOPMENT OF CRITERIA FOR EVALUATION OF FLYING QUALITIES
BASED ON STANDARDIZATION OF PILOT-VEHICLE SYSTEM CHARACTERISTICS

Taking into account the considerable influence of piloting task on characteristics of
pilot-vehicle system it was carried oumt the research in development of criteria for

evaluation of flying qualities in two different piloting tasks. One of them is the angular

control when output of controlled element dynamics is angle of sight, = H+-A:EH—. In

case of considerable distance (L) between the pilot and aim this task is the pitch
control tacking task. The other investigated task is the refucling task. At the last stage
of its fulfilment it is practically altitude tracking task when the controlled clement
output is L. = 6L + AH =~ AH. The work on development of criteria for prediction of

flving qualities in pitch tracking task is the continuation of research carried out in [1).

3.1. Accordance of Have PIO configurations to the Moscow aviation institute
criteria

In [1] there were carried out the careful experiments for Neal-Smitch and LAHOS
configurations.As a resuits of this research, it was obtained the criteria for the
prediction of PIO tendency and aircraft flying qualities *MAI criteria” (see fig.3.1). In
current research it was fulfilled experiments to for the allowed to measure the closed
loop system resonanse peak, 1, and pilot compensation parameter W for 18 Have PIO
configurations {2], given in table 3.1, The measurements were fulfilled according to
technique considered in [1]. The comparison of results with criterias bounderies
demonstrates the good agreement with levels of pilot ratigs drawn in range ¢, W. On
fig.3.1 there are given results of experiments with 66 investigated configurations (Neal-
Smitch (23), LAHOS (25), Have PIO (16)). The corresponding data for all these
configurations are given in table 3.2, 3.3, 3.4,

In parallel with evaluation of flying qualities on Cooper-Harper scale it was used
PIO rating scale too. The fc-ompfa.risoﬁ of PR and PIO ratings for HAVE PIO
C/onﬁgumtidns shown on ﬁg.3.2, dcfnons;tratcd good accordance between these ratings.
These results confirm the high potcnﬁﬂiﬁcs of MAI criteria developed in [1].
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s 1.4 8
ég.?,g} 1/ mnl/g1 177 ("sp/ Fsp wng/ £, fg%%&
tlon -JI
2-B 3.33 - 10. 2.4/0.64 - 7/3/3/3
2- m - % 2.4/0.64 - 2/2/3
2-5 m - 1.0 2.4/0.64 - 10/7/10
2-7 o 1207 o 2.4/0.64 - T/4/4 l
2-8 m 9/07 0 2.4/0.64 - 8/10/8
3-D 20.0 - 0.0 4.1/1.0 - 2/2 '
3-1 % - ® 4.1/1.0 - 5/3/4
3-3 @ - 4.0 4.1/1.0 - 7/2/3
3-6 @ 16/0.7 4.1/1.0 ~ 5/4 .
3-8 o 9/0.7 ® 4.1/1.0 - 8/6/8
3-12 @ 2/0.7 w 4.1/1.0 - 7/9 l
3-13 0 3/0.7 o 4.1/1.0 - 10/10
4-1 ® - o 3.0/0.74 - sr2/3 |}
4-2 m - 0.0  3.0/0.74 - 3/3/4
5-1 0 - ® 1.7/0.63 - 2/5 '
5-9 0 6/0.7 % 1.7/0.68 - 7/3/7
5-10 m 4/0.7 w 1.7/0.63 ~ 10/7/1
5-11 w 16/0.93 o 1.7/0.68  16/0.38  T/7/5

W = Ky(T,s + 1)(t928 + 1)/{s8(1,8 + 1){82/w§i) ¥ (251/mn1>s + 1]
[8%/0%5,) + (2Egp/0gp)8 + 1] [Sz/wgi) G HENRER

i - GF & SN G - = s




Table 3.2

1A 25 40 {-25,40} | 4.6 4+6 3
1B 34 {-20,34} | 3.5 4 2
1C -10 Z 25 2.7 5 3
1D -9 40 40 3 4+5 3
1E 52 52 2.8 6 4
1F 58 38 34 7+8 4
1G 74 74 3 8 4
2A -30 30 {-50,30} | 4.4 4+5 3
2B -44 30 {-44,30} | 2.3 4+5 3
2C -44 17 {-44,17} | 3.7 2:3 1+2
2D -30 24 {-30,24} 1.4 2.5 1+2
2E -20 30 30 1 4 2:3
2F -16 25 25 1.7 3+4 3
2G -8 32 32 3.6 6+7 3+4
2H 36 36 2 5:6 3
21 62 62 7.7 7+8 4
2] 40 40 2.4 6+7 3
3A -43 16 -43 1.3 4+5 2+3
4A -40 35 {-40,35} 6 5:6 4
SA -37 35 {-57,35} | 8.7 6+7 4
6C 38 38 1.9 4 2+3
7C -20) 13 {-20,13} 1 2+3 2
8A -30 25 25 1 4 2
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Table 3.3
Lahos configura- | Ap,,de + deo| A ,,de
tion( X, = l)g PP Ag’P’d"g PpS€ 1,dB PR PIOR
1-A 24 24 2.9 4+5 2+3
1-B 45 45 2.9 4+5 2
1-C 48 48 2.7 4+5 2+3
1-1 57 57 4.6 4+5 2+3
1-2 59 59 4.7 5+6 2+3
1-4 66 66 6.4 8+9 4
1-11 59 59 7.17 546 3:+4
2-C 35 35 3.9 4 2
2-1 37 37 4.3 4+5 2+3
2-2 66 66 6.1 4+5 2
2-3 49 49 5.45 4+3 3:4
2-4 55 55 59 5+6 3+4
2-9 64 64 7.5 5+7 3+4
2-10 56 56 6.2 8 4
3-C 3.9 5+6 3
3-1 60 60 8.2 5+7 2+3
3-3 64 64 8.8 5+6 3:+4
3-7 44 44 6.7 8+9 4
4-1 35 35 1.55 4 2
4-7 3 63 4.7 4:3 2
4-10 45 45 5.9 8+9 3:4
4-11 49 49 3 4+5 3
5-4 42 42 3.5 4+5 2+3
5-6 -29 45 45 | 4+5 2+3
5-11 | 45 45 5 5+6 3:4
Ljahgs configura- Aqfl{,,deg Apt . deglap P,deg 1,dB PR PIOD\
tion( X FD = 05) 4
2-1 13 13 1.6 2 1
2-C 13 1 0.5 2:3 2
2-10 40 40 8.42 5+7 4
2-9 27 27 7.42 4+5 3
1-4 50 - 50 5 6+7 3+4

T .




6 7 8 9 PR
Fig.3.2. The correlation between PIOR and PR

Table 34
‘ Ha‘v? P¥O. A(p']‘,,deg A (p}; deg [AQ P,deg 1,dB PR PIOR
configuration
2B -32 18 {-32.18} 2.3 3 2
2-1 -16 38 {-16,38} 1.74 4 30
2-5 4 4() 4 6 3
2-7 32 32 3.6 h) 4
2-8 43.5 43.5 35 5 3+4
2D -23 25 {-2325} | 1.85 4 2
3-1 -41 10 (41,10} | 2.73 4 2
3-6 -25 19 {-25,19} 8 4+5 3
3-8 -24 37 {-2437} | 5.7 5 3
3-12 53 53 7.85 7 4 |
3-13 51.5 51.5 4.8 5 4
4-1 -30 32 {-30,32} | 3.25 3 2
5-1 45 45 1.33 5 3+4
5-9 51 51 5.3 5417 3
5-10 52 52 7.94 67 4
5-11 53 53 4.4 5 3
PIOR
6
: -
. 4 3-12 /
i 2-7 ja 31 s /
2-8 / /
".,3, //
- L~
/ d
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3.2, The modified criteria for prediction of flying qualities in angular control
tracking task

There are two reasons in necessity to modify ‘the criteria for prediction of flying

- O W e

qualities developed in [1]
- the influence of input signal on agreement between predicted and evaluated PR,

- the influence of frequency defined the pilot compensation parameter Ag p on

pilot's workload. '
The taking into account the influence of input signal

The investigations fulfilled in [1] and in this report too were carried out for the same l

n
1
parameters of input spectral density, Sy = ——75——:—; for which w; = 0.5 1/s; oy =4 l
@ +op)"

2 . . . . ,
s It was agreeded with actual discrete instrument tracking task used in the Neal- '
Smith and LAHOS flight experiments {12,16]. With goal to define the influence of
input spectral density parameters there were carried out a number of experiments, In
particular it was investigated the influence of fnput bandwidth, @ [+ Excopt @; = 0.5
1/s it was investigated the considerably lower value of this parameter, @y = 0.05 1/s. l
Becanse of the accuracy in caleulation of frequency response characteristics I
2
7
i
up to 9 =m to get the accurate results of measurement in wide frequency range.

According to the algorimth described in [1] it was determined optimal controlled I

deteriorates for such low bandwidth, it was ibereased the variance of input signal o

element dynamics { Wéwt(;'o)) for corresponding to with oy = 0.05 1/s (see fig.3.3).

Such optimal dynamics was used for definition of standard characteristics -
resonance peak of closed loop system, pilot phaze characterictic. Their analysis and
analysis of expiments fulfilled with one of dynamics configurations (for example one of
I';Jcal-;Smim con:ﬁgumﬁoxii 1E [1] demonstrates that the usage of lower bandwidth of l
ihput Spcctfal dénsity cau.scs: |

- the increase of resonance peak of closed loop system; l
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- difference in value of pilot compansation parameter W=Ap p=0p- (p;,p m

omparison with value of this parameter obtained in [1] for case @ =051/

According to MAI criteria - such values has to correspond to the second level of
pilot ratings. At the same time pilot evaluated the investigated configuration in case
when @y = 0.5 1/s with PR = 2. The bad accordance between the predicted and
obtained pilot ratings requires to carry out the work on modification of criteria.

For thith purpose it was developed the procedures for determination of adequate
conditions for evaluation of flying qualitics and normalization of parameters defined
MAI criteria, The first procedure was developed on bases of equations (2.8, 2.9)

obtained in chapter 2. Usage of these cquations for input spectral density with

parameters w; = 0.05 1/z and af'= 9 sm2 allowed 1o determine the values of the
task performances - desired dy., and adequate dj; performances corresponded to the
considered input spectral density. These values are given in table 3.5. There are given
also the values dypg and dyy corresponding to input spectral density used in 1],

Table 3.5

input spectral density used in [1]

-~

2z

2
wy; =05 1/s oy=4sm

input signal with decreased bandwidth

~

A

-
w; =005 /s o;=9sm

dapt 1sm 0.7 sm
e 1,75 sm 1.23 sm
dad 2.54 sm 1.78 sm

The second procedure - was assosiated with normalization of the resonance peak r

ahd its substitution on relative value 7= r/ Topt - Where 1y, is a value of resonance
: . : , , ) , ) [

peak of closed loop system obtained for optimal controlled clement dynamics W‘;' 2
. N rop[ ' | v : l i I . . 4

According to [9] W, is a function of characteristics of input spectral density. In

A ) . ‘ : opt
calculation of pilot phasc compensation parameter Ag P=Pp= 9 pp it has to be taken




r &l

into account that the pilot's phase is a fonction of input spectral density parameters
too.

The tendency in influence of input spectral density on pilot-vehicle system
characteristics for any dynamic configuration ig general and close to the tendency of its
influence for optimal controlled element dynamics. Due to it there is possible to
suppose that the influence of input spectral density characteristics can be avoid if the

parameter r will be substitude on F=r/ Topt - This suggestion was checked for one of

the Neal-Smith configuration 1E. The results of normalization are shown in table 3.6.
Table 3.6

input signal density with decreased
bandwidth

2 2
w; =0.051/s; o;=9%sm

input spectral density used in [ 1]

2

2
w; =05 1/fs; o;=4sm

Iopts 9B 3.662 5.874
r,dB , 6.725 9,344
7, db 3.063 3.47
A, deg 57 57

The values r and Agp p obtained according to the developed procedures are very

close for considerably different parameters of input spectral density. This fact allowed
to develop the modefied criteria for prediction of flying qualities shown on fig.3.4.
Taking into account the influence of frequency determined the pilot-compensation

parameter Ag D
In many experiments fulfilled for different dynamic configurations it was obtained
that the same values of pilot compresation parameter achieved at the different
frequencies. It is obvions that in case of pilot lead compensation when APy ig positive
€ : ! i +
(Ap 1;,) the configiration M,,, for which Ag o reaches at lower frequency will

£

correspond o deteriorated flying quaﬁ.ties. In that case the constant time lead
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conpenstation (7 pp = 758) is higher in comparison with configuration W, for
1 2

P

which @, > @ .

Due to this factor it was offered to use the parameter

. [ :

- max Ag?pqu

Trag=—"  and  Tpepg= I
A o

? Prmax APmax

. - + . “
instead of parameters Ag Proax and Ag Proax used before in MAI criteria.

Taking into account all modifications discribed above there is offered the modified
criteria for the prediction of flying qualities shown on fig.3.5. There is necessary to

notice very good agreement between drawn boundaries and experimentally mearused

pilot-vehicle system characteristics and PR,
3.3. The development of criteria for evaluation of flying qualities in refueling task
3.3.1. The investigation of pilot-vehicle system characteristics in refucling task

Prior to development of criteria for evaluation of flying qualities in refueling task
there were carried out wide investigations of influence of different variables on pilot-
vehicle system characteristics.

The refueling task consists of the several stages. On cach of them pilot tries to move
the aircraft along the specific trajectory by control the angle of sight s(t).

e . . ) H, H,
ongitudinal channel this angle is equal to & =8+ amggTz H+—L~ and in

AZ ., Ap -
lateral channel 5;= ;g/-i—em:th; o+ —p where H pan Z p are the altitude and

lateral displacement of pilot station. For the different values of distance I. this task is
transformed from pitch control tracking task (when V/L < 1) in altitude control
tracking task (V/L >> 1). In general case the controlled element dynamics in
Iongitli;ﬁnal chanflel iz the following

£y5)

6, B »
S = He e (9 (3.1)

where:
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g . . N .
- W, is a pitch angle transfer function. In dependence on a type of flight control
systemn (FCS) this transfer function can be different. The versions of such transfer

function for a number of FCS are given in Chapter 1;

£
As)
Tacking into account on that H, = H, g+ Hp, where Ip, is the distance between

B, . . . e
- W, is a kinematic transfer function W, =

pilot station and c.g., and non-zero coefficient Z5 the equation for this transfer

function is the following.

2 * " *
S1-Zs +1(Ms +Z5 My)\+4Z5 (a4 V+1{(Z5 My - Z,Ms
49 1 [ 5, 5,*Zs, WJ {%qu,'a) 5 My~ ZywMs J

&s) L 8|
(M5 vz My)+(Zs My - ZyM; ) J
. e c e

*{Z‘% M- 2, Mz,]

L 3
where [/ = L+1p.

For Z5 =0 the equation (3.2) can be simplified
o

/.
- 82~ Zyy %)1

x|
oo /| oy (3.3)

Xs) Z 5[5' Zy]

It is obvions that the distance [ {or L) influences on process of control
congiderably.

For considerable distance between an airplane and a basket the equation (3.3) is

rather correct. In that case 1 / L=1. This equations corresponds to kinematic

£y{s)
s

that angle of 81ght control ir ansfoq‘ms m pitch control The decrcase of L leads to

=1, It means

. ) ) . *®
efuation in air-to-air tracking task too. For case when V /71 >»1,

iransformation oi controlled element civna:mm wheﬂ the altitude dynamics begins
influerice on W, (5)
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For  small distance 7 the eguation (3.3 is correct only when
. *
~ZLgw<d (Ms +Zs5 My). In that case the gain coefficient of this transfer function
e e

equals to V/L. According to the fig.3.6 this ratio changes considerably in case of small
L. It is well-known fact that for rapid changes of controlled element gain coefficient
pilot’s limitation on rapid change his own gain coefficient can cause the PIO in closed
loop system.

The best way for pilot to avoid the insiability in this system is to use the other
output coordinate "sL.” for closure the loop. This suggestion will be checked below.

*
When the parameters Z5 and / (M5 + ngﬁffw) are competible the additional
e e ‘

factors begin to influence on fulfillment of refucling task. In that case the nominator of

'Z% can be presented by the following way
2. 2
K(s +28mys+wyy where

A Z&‘ ﬂ'fa - Zaﬂ'f()‘
[ [%

(UI’=

@y e
M’Cc,-e Lp+ - :‘Ef%
{ o

J

For small value L the parameters Lp and

J
Mg

C

can influence on the controlled

element dynamics c.oﬁsidcrably. Particularly for configurations with increased value of

Ip the fulfillment of the refueling task is easier. The tailess aircraft configuration

Z ,56
Ms
ac‘-

. iy s , .2
scheme assosiated with increase of causes the increase of @ or even to change

its sigh. This peculiarity causes the deterioration in aircraft dynanics.

Suﬁposﬁig that in lateral moﬁoxi pilot uses the aileron and keeps p = 0 the transfer

Lo {s : , . , ;
function —g——;‘—s » (X, the lateral deflecticn of stick), is the following
X, (

. Vv
EV(_S): ‘;"(5) ‘HT, (3.4)
X ls) o A0 s '
where




is) gy RS yLs) 35
549 "B ) (35
Here u/})f is the prefilter in lateral channel:

?3) in case of absense of feedback signals proportional to ¢(s) and p(s} is the
a
following 2 - __Ke (3.6)

3a(8) ™ .S(S~M'q) '
Supposing that § = 0 and taking into account the equation y =-agp- Zyapp the

p(s)
0 ,{5)
w(s) _ ools— Zy)
R

T C
Thus el Waor

transfer function for can be easy defined as

Koo s— Zy) ‘

,.
L2
=

o

§s - M)

In casc when the feedback signal is proportional to a bank angle the order of this
transfer function will decreases. In principle pilot can use the pedal to change the

angle # . In that case supposing that y = 0 the structure of transfer function for :
[
is similar to ; 'i . In particular for case £ = 0 it is equal to
e r

K, 5,‘_}/})'},3%

E.S‘_-
5 5 pf

§ & +28was+ @,
The investigations of pilot-vehicle system in refueling task were carried for the

different types of FCS shown in table 3.7,

3
I
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The types of investigated FCS Table 3.7
typel
of FC3 Conventional RCAH Extended RCAH ACAH
channel |
tongihu-
dinal + + + +
lateral +

conirol surface

:5‘3—};'—'}5[,

*58"}5[[ a‘ﬁ'—.‘SL 53-—}511 JH—}ELJ" ——}ELE —-)EL

S =y > &4 a b4
feedbacks feedbacks - - - - + -
1. - 1. -

2. Q)A’ ._> 53
Ly—d,

* - the limited numder of results on investigation of this FCS ave not given in this
report

There were investigated a wide set of different dynamic configurations (see tables
3.8, 3.9, 3.10) considered before in reports [2] and [17] where the refueling task was
studied. In table 3.9 there are given the Neal Smith configurations investigated before
in {17]. In table 3.8 there are given so-called Have GAS configurations investigated in
[2]. Except these configurations there were considered some additional configurations
(in longitudinal and lateral channels) given in table 3.10.

Except the dynamic configurations there were investigated the influence of

controlled element gain coefficient K., variance of basket displacement cr; defined
B

2

. . 2 op 2 . . . . .
input signal o; = R where a is a distance between a pilot and windshielglass. The
L

fLo 2 f . A 2 . . .
varianee aH was changed from 0 up to 0.64 m ; the damping ratio in short period
B

motion &gp; the distance 1. The labt patameter changed i the range (120 + 140) +2
m. In Q*najority of experi;fnenﬁ fulfiled iri unsfatidnary conditions the approach velolity
was equal to 1 my/sec. With goil to pet the nCcorda.nc‘c‘: with the results of research [2]

and [17] it wak taking into account the different velocities if aircraft in these




Table 3.8 79 _
Type of FCS
RCAH Rl R2 R3 R4
Exterded RX1 RX2 RX3 RX4
RCAH 3
ACAH Al A2 A3 A4
k_(S+ %,, )
o - *
o=y Ly
W et S o)

*

where W -the approximation of additional high frequency aircraft

@
describing function. The basic configurations of Wc (j) (for Wpr=1)

are given on fig. 3.29.

W
pr
RCAH wos)=1
q
Exterded RCAH Wo(g) =2t
bl 1//
S+ /T
, , S
ACAH W8 =—"m
¥ S+ ]]/T
A g
Coanfiguration 1/ T ; [€,0]
(I/S) (': S)
RI,RXL Al 2.0 [0.7.2.6]
R2,RX2 A2 2.5 [0.7,3.65]
R3,RX3.A3 3.0 [0.7,4.82]
R4, RX4,Ad 3.5 [0.7,6.21]
Table 3.9
n_ = 18.5¢g / rad 1/27@, =125 1/s
conf. | ID | 2D | 4A | 5A | IB | 2A | 1E | 4D | 5D
1/1'1 o | = 0 © 2 2 © | o 0
JT, | o | = | ® | ® | 3 5 5 [ 2 | 2
Wep |22 | 45 | 45 | 47 | 22 | 45 | 22 | 45 | 47
G107 1072]029 1018 07 [072] 07 |029]0.18
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mvestigations. Due to this circumstence for the configurations given in table 3.9 it was
V = 174 m/s, and for configurations given in table 3.8 it was V = 145 m/s.

The experiments were carried out at the MAI workstation with participation of two
operators having the considerable expirience in fulfilment of tracking task. The
information demonstrated on the display consisted of the drogue with diameter equal
to 0.8 m and central diameter for the probe close to 0.2 m. Except the basket it was
drawn the outlined picture of tanker. In some experiments it was shown the pitch
angle. The end of droge was represanted as a center of cross (see fig.3.7). The size of
the backet was changed as a function of 1/L. The basket's displacement was the
random input signal characterized by the second order filter

Ja
’\ ’T‘

(o) + 01)
All experiments were fulfilled in stationary (L = const) and unstationary (L = var)

Syle) =

conditions.

The experiments in stationary conditions were carried out to expose the main
regularities and influence of investigated variables on pilot-vehicle system
characteristics.

In these experiments there were measured the following characteristics.

1. Frequency responce characteristics

- pilot describing function W},{;’@ .

- pilot-vehicle open-loop describing function Wy (jw),

- closed-loop deseribing function Wl (jw).

2. The spectral density of all signals (input, error, control aircraft output) and

normalyzed remnant spectral density

U

Héﬂt* 2
) C‘
3. Thc variances of all szg,nal and than correlated and uncorrelated with input signal
cmponcnts : :

In cach experiments fulfilled in unstahonar}, conditions the final erros (the error at

the moment of contact_) between center of probe and droque (¢, ey and total

2 2) ' e . "y
e= lle, +e | were measured, For each experiments there were carried out no less
zTCy | W ha
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Fig.3.7. Display
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then 10 runs, what allowed to evaluate the prolability of successful attempt, P. The
last was defined as a ratio of successful attempts, m, to the total number of attempts,

1n:

p=1n (3.8)
11

a.Longitudinal channel

It was supposed that the successful attempt takes place when error € < r. Because of

: . C o d, .
there is no any publested information it was proposed that r= —%‘3‘—’ . The value dypg

according to 3.3.2 was equal to 0.4 m.

a.1. The influence of distance L

The characteristic parameter for the refueling task {as for air-to-air tracking task

I3
too) is the distance / between pilot and basket. This parameter influences at last on 4

task variables of pilot-vehicle system:

-

- controfled element dynamics , ¥, = ?—— According to (3.3) this dynamic depends
P

E 3
on parameter / = ]P +L,

- mput signal i(t). This input signal is a projection of the basket motion A O on

the windghield glass #(f) = '_L%)ﬂ a,

Is

- percieved radious of basket z =7 ok

. , Y £ - . -
- kinematic transfer function % where 2, in asangle of sight &,, where
;.'

®
gy = 6’+—%, L i the distance between pilot and tanker. This dynamics can

L

inﬂuencc oh pﬂétwchiclc syst}cm vahcn}pﬂot cldsc coordinate “:@V in the inner loop.
The réason of su:ch pilot’s straicgy will bé discusscg;d loter.

The mﬂucnbc of these specific vanablcs was mvcsﬁgatcs for the different types of
flight control systcm This study allowet! to undcrstand better the regularities taking
place in pilot vehicle system iri fulfilment of different stages of rcfuchng task.
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The influence of distance . was investigated basicully for the configurations shown
in table 3.6. The main part of experiments was fulfilled for longitudinal channel for the

range of parameter L. covered all stages in approach of aircraft and a basket.

%
The influence of controlled element dynamies W, = f{f ). The part of experiments

fulfilled in stationary conditions was carried out for the constant variance of input

signal {o;# f{L)) to expose the influence of controlled element dynamics as a

function parameter %— (W, = l{—%} ). The experiments demonstrated the considerable
I v/ '

influence of this parameter on all measured pilot vehicle system characteristics for all

types of FCS excapt ACAH type of system realized by the prefilter Wpf = %ﬁn

From the data shown on fig.3.8 obtaines for conventional aircraft there is secen that

the increase of parameter V/L from 2 wp to 10 1/s the vamance of error in

longitudinal channel o increases in 3 times. It is accompanied by apperance (at V/L

= 0.5 + 1) the additional resonance peak in low frequency range in cloged loop system
frequency response. Its value increases when V/L increases. At V/L = 5 + 10 the low
and high frequency peaks are close. The further approach to basket leads to
disappearence of high frequency peak at all. As for ACAH type of system, realized by

*

prefilter By, the decrease of distance / leads even to decrease of error (its variance

Yor s
decreases up to 30 % when V/L changes from 2 up to 16 , see fig.3.9).

The results of mathematical modelling fulfilled by use the pilot OCM demonstrated
good accordance with discribed above results (see fig.4.31).

The simular cffect takes place in lateral channel too. In detail it will be discussed

later.
The influence of variance of input sipgnal (o = £(Z)). The approach to the basket is

o
2 2
2 ,where ¢ -
H

B

I
mm

, : 5
accompanied by the increase of variance of input signal o=

'~
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variance of basket displacement) and as a consequence the by the variance of error

too (see fig.3.10). Investigations demonstrated that in the range L = 50 - 10 m the
2,02 |

normalyzed variance of error o, / oy stayed close to constant. For higher distance the

. . . . 2, 2 .

nonlinear effects begin to influence on results and increase o, /oy, For very small

. L2 ,2, . o
distance L < 5 the ratio o,/ o; increases again because of an extreme deterioration of

aircrafl flying qualitics and conditions of perception. The last is assosiated also with too

high input signal vsed in research o; = 0.8 m. Because of these circumstances the

. 2 . o s .
variance of error was close to oy for L = 2 m (case when /,, = 0). As for pilot-vehicle
system characteristics obtained in contition when o; = f{L), they corresponded to the
characteristics (obtained in assumption o; = f{L) quentitarly in the range I. = 50 - 10

m and qualitevly outside this range. The slight difference in pilot-vehicle system

characteristics was assosiated with different gain coefficients used in two groups of

2 .. 2 .
experiments, when o; = f(L) or o7 # f(L).
The high values of error signals taking place at small distance L and for high values

n

of variance o .

The influence of piloting technique. The main part of experiments was fulfilled in

conditions of single loop system, when operator had ability to see on display screen
only a basket with sizes changing as a function of L and zero error position. The
demonstration of additional information didn't expose any change in pilot-vehicle
system characteristics, Only in precontact position when L is close to 2 m it was
noticed (only for very high values of variance of basket displacement) the change in
p’ilot-'?chiclc system characteristics and pilot’s commends, demonstrated his desire to
use the hﬁbrmaﬁen about thé position of aircraft in relation to tanker (it means the
angle &y, = 9+ —A——{l—r , where fﬁ
] :

angle. On fig.3.11 there dre shown the ﬁilot—ve}ﬁclc system characteristics obtained for

is distance betwoen the pilot and tanker) or pitch

single and dual - pilot vehicle system loop when the tanker and pitch angle were




L 5
i %
Ho i
4] £ ! i
2 ST
i L
T i !
¥ i
- T
-4 o
Mt |
gilé;l : o
; it ; !
{ il IR
| i dbibd o il

daB

—
= el
18 oo
™ i@

{ i 1 1 31}
LY i} . X
L}
-~
Lt o
o ,,11”"d !
i it
4 e
gt “
L P .
0 5
I: " i "I’( i
K 9 2
i i i )
ol ity W k7
i ) § M
& 4 Jl i "
i i ot o
o o i
alt i g i
i i -
! ;
it [y
e
{
. m - _
£30 0 s i Ly
£ o Ty
i
[31] i
.,
I - {3
- . —_—
= for
3 n
{ ngait i "
i e e o d"u ‘I("
iy " 1 Jh ““g ‘ ‘:)'
u 1 i ek 1 i
(i R A ",
‘,v,u lJ.& & fnl'
! t'_‘ﬂ 4 A
) 3 it \5
o
r g,
R i,
_— W i
f £y
'ht 'u" !
o ry 'y
ty L
1 "
H
:
o B
=y 0
i

0

=3

Fig.3.10.a. The influence of




: .:fi : i} i Ly
N o
O Tf i i
— ey ;T
= =
A i =
i i i
T ‘}{
gl " ®i
"l 1: i) g $% ;
b it
i i h i {
- 1 it i
i oy ft i
‘J' i & e ‘;
I![ u i e
. o na . b "$
it ; " ] [ |
i W g
|
Ih il
al.
k3 it {
st ot

L
&3]
t
| £
{3
ot
pu'3 -
i - =
f p— * 4 -
T N S A et d i
o W s
r' i e
3 it
| i i
[ A“
it
";.
i o -
: ! i i
i Yl |
-|. " il i ”4;
i l:ﬁ o o
L4 L
vl el
L
T3 )
i i H ; 3 — I
‘ ! 1 }
' ! if i Il Py
5 N |
O Nl L
L0 P et !
i -~ i T
= i
-t ‘ i
& ! !
i i ol 18 '
ti3 tile e 1 f
o i == 3
",,p 51" l.ii j i
| i il l | i IS i
vy i i il {
. . s i
A & it I i
* 1 wopreid T 1 H &
i j Hh ; i
i [
i ﬁ;u ) ; R '
i % ﬁ —
- YT Ry ¥ Ty ":
IR R
ﬁ BELLL L G L i
o . -

{1 1 P

o g et
By Wl o
i )

- -

Fig.3.10.b. The influence of f, =




! h 73] i}
X .\L X
0 ot 1
s
=
o ' i
i ll‘ (i i ‘:(’ o Pt 4t
i sy
Sy gy
g i
it gl
v : ‘f‘;)
3 4
g .
.u-'” et ii‘
i
i i A
o My 4
& o :
f L it
ot
£ B
- £l :
i.-lx'f
} i :
11
T
7 vy {1
> - :
=
if — ' o
‘& R N '“( lAl
[
i i - f i
(i i [ )
i o 1% gl
) il i it
‘h+ Jﬂ;w' .ﬂ"’“w k)
M, N " i
iy A : g i
! - : i
h 1, '“' it N". 3.
u,( lqu; ’\“ 7
3{ s it i
| il i i
(4 ol W o
! -
! ' i
. g; .
Cy B @ ™ s ]
£ - W) {om 0
) ot ]
i ] !
! | I ifi ! f 4
! R i !
i Do g, lm Bt L
s ~ il
jor’) B
) 1
p ; , il | ! |
Yul' i ey b £ 1 | )
i 4 R L | y
i o L = L T
i i IR ’H““’ l z!llwl i
A ! W [HIRERIE N IEA M
I'!l’ {sﬁl FL:.. :( é
i : & a . !
i el YT
i mi
i
7 | giig |
It bE) it F WLl h
W T TR
' iy LB BRI
. . ™ et -
(5 5 I SR i B i B = O et o
g i W i el
] i ] i

e

it

FCLY

F(L) and Mg =

i

ot

Fig.3.10.c. The influence of D




[ i
R Nl
oy —i 1
5 =
. g
! J
i
i it
gt iy
i st o1
A H A ! }"“’" .l
A N |f" pif
b o Lo i
\ i L i ot
& i " o
.I"‘ . '}{ !{l Pz
il i 2o il |
4 i ' i
i o 0
il g H
et
_ . - . . B" . . .
% fZIZZ: [ o S o R AE I f
1l A =t 13 £} 14
i i H et
}
{i
=t
L ] £
- i o &
i - ““.,x!(' .ul‘ﬂ“"
izhl ) "'m - i
"oy iy "
I A
l . .ﬂn‘
i i
i, (i i
'sil m"lh ;
¥ o
vl
. m . m .
et i:;.‘: ‘35;{5' { DN i S
¢l [%5] ) K AN
1 i) i 1 1
} 1
£ i | T
- oY I it ! !
Lt } _nL' " !} i
= i
" ; = i i o
. g ! il
: | £ L
4 i - i | i
s L s in - Y i
,‘,» ) 0 T n!!lg P
' i &4 i U LSRRI R
4; '};. L i , I
i g ps
i l’ J #é 4 ’ ;
e : i f wpeh ! 1 { i
4, 1, 4 H H H
llg« ; e w | i H
' “lv il i i } :
B :.‘( ! :
- rigcic Ty
[ ! NN
U IR TR RN

=

[~
=

i

ifi

£CLLD

£CLY and MW,

Jﬁ =

nat

Fig.3.10.4. The influence of




N

Hi{3 iy
'y \"-. - "‘-.
1 -t X -t
-— e .,
= . g -—.
= =
B . .
W
- k14
~' s 0.
. i

3

5

about Ey
formation abhout

100

in

Aryed! °t .
e Wi I 1,‘:-»
¢ ;r’i‘ " L '
ol Aty
wy iy
4 . )
o — Ewl -
it o
B R
ﬁ” 4
(3
erennrs i )
(A y
veed ol
£
......... i ”
g .
- - i
— .~ e 4
=g e
=
ovss, i
&) [
3 o )
iy
i
A
ik
'l”: ¥
yeerl et
ih"- it i 3
\ 1
PN I
'.i' W
el et

Ti

;‘. b

-

i S oy o
i) T )
] }
¢ - ]
| BRI IR
3 k’h..w‘[‘ x't(. ‘*!p Qk }f“ i
o e By "W, '“.;‘ 'L "} )
L.
.
£ o ™
i i 5 -~ IR !
1y 4
Pl L
i if
‘}’I‘ r.!. ¥
& i
4 i ;i}z ;
- Hr , ; ﬂ”hw M?Ju
d}p "‘h "l),,”‘lt,. il(\\[""‘\,M“l“hl"u)""h iq"( .(]“ "“h mhu nh\llx.
" I L O R TR
| : LR IR R
] "
= -
vl

Fig.2.11. Different piloting technigue (high values of Ko

format

1n

lot uses the
ot doesn’t use the

[N p1

a
b - pi




-~ .
s 153 ¥ i1 £
O - T - e '
= : =
i
& i " ol 4 fﬁ
’.wl~‘ i s " L"} ;
i ol . el ;
|;: i i i oy et - ‘
W : X i 4] |
| A . ) Vi . B
; ‘; E e i Eraece g s |
" ‘ ‘M" , . e eommarnesed ,)}‘ ,.<,...»|\;‘A Ivl i
Y Y - " ; .
"',u’l " ll ] i y I 4:
“}I‘-' L 'l“l, 'll-.)h," ot y i f— .:!
o ! . L)x { =8
=
o ) @0 : » T
L {0 S S v S o S : T o SO v s
Ty RN o w13 g s ‘:,.
H i =
i i @ o
" . = (193]
3 -t IR - 4
= i .
= = > ﬁ fu)
- [ = et
. | ol ~ B
I T SRS SV ST S S ST SRS SO { fron >
] R e ] - f: gl
iy Y -
" i s e ™
43 W i e
I, A A "y f]
'n;(k' e o @ ey
"y, a n = e -
i p— i | i o = M
; i = E g
e , " c g
;! ., -~ i:
¥ .!“1' — 0 pres
) — Q0 Ay
k. @ 2w
g
. . . . . . b=}
ey g L B v B O v B g -
] ) EENRY o LSRR R O -
] e ) = =
} ! o o©
e ~ Qo
My 55
: ” ‘Ju"‘h iy iy '1"ihf"'"«.’“Wf’"‘lm“‘k‘“‘hu“'%[" N EARS
L0 T e
i% = = g
t I‘ @ [ B =]
i g ==
Hde { ) m' 4 h 1t et
it i L— "“ Y . 3Ly Sy
t =X i LR
o I . ooy
K I *; “l i1 7 u‘ i ’-:
o 3 ol i LR b - -
! L‘L; = ; L'fn.“"lh. g iy i “Un.h"*n. "‘fm“’*l-h“"':.‘“"l- Y m""‘ m“ l‘
i } | | T
"“ L 1y ”,l ‘ Wity b “{; T i .
i L B T T -~
. N gy s,
a'ris Xé;'*’"ufi“"' “:;;,"“*4"J*vj‘""l::""f.\ﬁ"‘“@»lrﬁuﬁtIM.""la&“m""h»'i“b»m’"h" . )
I o B 14
K & et I .
§ & Ty PRI
' ) il i T =
Od . . . o -
15 W B vy B = o o] vt . ]
g i) 3 0

A
b
G N 0 am e e

oo, e i e ey

B A




4

demonstrated on display. The results demonstrated:
- the considerable decreases of variance of error,
- the increase of pilot phase compensation in low frequency range,
- decrease of resonanse peak of closed-loop system -
in case of dual loop.

The closure of additional loop on coordinate , for precontiact position tock place

and in case of high controlled element gain coefficient. The results shown on fig.3.12
demonstrates this effect. This results corresponds to pilot comiments given in [17],
reflecting pilot behavior in organizing of dual loop in the final stage of refueling for
case of increased gain coefficient.

In cases of optimal gain coefficient and moderate valucs of basket's vertical

displacements (for TH =< 0.1 + 0.4 m) the experiments didn't expose pilot's desire or
any - actions 1o use the additional information to improve pilot-vehicle system
characteristics.

The influence of size of basket. It was shown above that approach to the basket

leads to increase of its size of projection. There is no any references about kind of

®
information - linear or augular, perceived by pilot at small distance / . In case if pilot
uses angular information about error the gain coefficient of controlled element
(where &y = AH ) is increased considerably when L decreases. In
1

case of perception of linear information about the error the gain cocfficient of

dynamics W= 5
e

controlled elemrnt dynamics, W, = A:F{ . practically is not dependent on the distance.
g

The 1ast case can be more prefareble for a pilot, because of there is not necessity to
adapt his gain cocfficient. With goal to define the perceived coordinate there were
carried out several experiments with constant and variable projection’s sizes of basket.
The results of time processes shown on fig.3.13, 3.14 demonstrate that in case of
constant size of basket’s projection the pilot actions have completely different type and
unstable processes takes place at small destance of L. For the other case of
representation of a basket the control procces is stable practically up to the contact

between probe and droque. This results demonstrate that in the last case pilot actively
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uses the information about the change of projection’s size. This results allows to

- G

(&3

suppose thét at the last stage of approach to the basket pilot perceives the linear
coordinate,
a.2. The influence of different types of FCS. '
The conventional type of FCS. It was shown above that for the conventional type
of FCS pilot-vehicle system characteristics are rather sensitive to the change of'

parameters V/L. The improvement in accoracy for this sysrem can be achived only by
the corresponding choice of gain coefficient and dynamic parameters o sp 3nd &g '
The influence of damping ratio in this task was investigated below. In chapter 1 it was
analyzed the results of report [2] demonstrated the disagrement between the

evalvations of flying gualities obtained by use @y and wy criteria for conﬁgurations'

with decreased damping ratio.
In current research this result was checked by measurements of pilot-vehicle system '

characteristics for conventional configuration with € = 0.7 and 14, L = § m, -2, =

125 and @ = 4.9 1fs, V = 100 m. For higher distances the aircraft dynamics.
corresponds to dynamics in air-to-air tracking task. It was shown in chapter 1 that anl
increase of damping ratio in this task leads to improvement of accuracy and PR too,
The experiments fulfilled for small distance I. demonstrated the opposite effect. Thc'
decrease of damping ratio twice caused the decrease of error in two times and
resonance oeak in closed-loop pilot-vehicle system up to 2.5 dB (fig.3.15). All these

effects are assosiated with the improvement in phase of controlled-element-dynamics.

The use of RCAH type of flight control system is accormpanted by decrease in the
accuracy for high and intermediate values of V/L in comparison with aircraft with
conventional type of response (sec fig.3.16, 3.17, 3.18).

The decrease of error was achieved only for high values of input signal and for V/L
= 0.5 (fig.3.16) which are more typical for air-to-air tracking task. .

The following decrease of distance L {for V/L = 2) leads to increase of error
aireraft with RCAH type of flight control system and the low frequency resanance peak l
in closed-loop describing function. For example in case V/L = § 1/sec iis value for
aireraft with RCAH system is higher on 2.5 dB, and variance of error twice more
(ﬁg.ﬁ.lS).
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Acase type of FCS. The installation of prefilter Wp = transformed thc.

s
fs+1
aircraft response in ACAH type of response leads to considerable inprovement in

accuracy at low distances I.. The experiments filfilled in conditions of constantl

variance of input signal (o # RL)) demonstrated that effect from installation of]

prefilter Wpf depends on the type of system had the aircraft before the installation

(RCAH or conventional). If the initional dynamics configuratin corresponded tol
RCAH type of responsc (1/7, g > ~Zy ) than the addition of prefilter leads to increase

of variance of error only on 10 % when parameter V/L increased from 1 up to 5 1/sec. l
The considerably higher effect was achieved when this filter was installed in FC S on '
aircraft with mitical conventional response 1/7,=-Zy,. The experiments fulfilled in

conditions simular above (crj' # (L)) the increase of parameter V/L from 1 up to 10 l

caused the decrease of variance of error up to 30 %. In that case the accuracy wasl
reached in 4 times (for V/L = § 1/sec) and 6 - 8 times (for V/L = 10 1/sec) higher in
comperison with aircraft with prefilter (see fig.3.20 and 3.8). The ACAH type of
system is accompanied by considerable docrease of lead compensation, and high
frequency resonanse peak of closed loop system. As for low frequency resonanse peak it l
appears only when V/L 2 10 1/sec.

The results of experiments fulfilled for conditions when the percieved input was l
correlated with the distance L are shown in table 3.7a.

There is seen from this table that offect of ACAH system is the same

in sense of

.2 2 . * N . . . ;
decrease of o./cy at small distance 7 . As for high distance (L = 50 m} the

convenional type of response supplies the higher aceuracy in COMPpAarison

type.

Table 3.7a
V,r'}* =501/s V,f; =51/
System 3 4 2 4 '
e/ oy e/ o
Conventional 0.08 0.29 |
ACAH 0.14 0.04 | l
i

with ACAH l |
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In case when ACAH type of response is realized by the pitch feedback there is
neceesary to increase feedback gain coefficient (Kp) considerably (Kp = 8 + 10) tol
get reasonable effect in decrease of variance of error. Nevertheless the accuracy
achieved in that case is in 2 times (for (V/L = § 1/5) and in 4 times (for V/L = 10.
1/8) lower in comparison with the results obtained with ACAH type of system realyzed
by the prefilter W pr+ All discussed cffects are correct qualitevely for the cxpcrimcntsl

when except the longidutional channel pilot has to minimize the error in lateral
channel too. The influence of increase number of channels will be discussed below,

b, The lateral channel

The results discussed below were obtained for case when pilot used aileron for
control and simultaneously carried out the task in longitudinal channel. The variancc'

n
of input signal o; was chosen constanst to expose the influence of flight control'

system. There were compared the types of FCS (see table 3.3) supplied the
conventional type of response without any feedbacks, with roll feedback (9—Jdg), and I

finally the system supplied ACAH type of response by the prefilter I’Tfpf: ng—i—I

The influence of a distance I had the same tendency as in longitudinal channel. l

The increase of parameter V/L from 2 up do 10 caused the increase of variance of
variance of error up to 4 times (see fig.3.21). There is only one resonance peak in
closed-loop system taking place at crossover frequency. The value Qf this pcakl
increases on 4 + 5 dB when parameter V/L increases from 2 up to 10 1/sec.

The influenses of FCS. The described above results were obtained for conventional

configuration without any feedbacks and prefilters. Because of high order of aircraft
dynamic pilot lead compensation was very high and the variance of error was close to l
variance of input signal (for V/L = 2 - 5) or even higher it (for V/L = 10).

The usage of bank angle as a feedback signal and prefilter B - Was

r - 9p
Pr=osp+1
. . . . 2
accompanied by considerable decrease of variance of error. The variance oe decreases

in 2 times when only the feedback p— & 7 was used and in 3 times more when the

prefilter was added to such FCS, Except in the range V/L =2 - 5 1 /s the variances of
erTor staics practically didn’t change.
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The influence of longitudinal and lateral channel. The investigations demonstrated

that the improvement of aircraft dynamics in one of the channel leads to the
improvements of pilot-vehicle systems in other channel too. For example the

mstallation of the prefilter W;:;r realized the ACAH type of response in lateral .

channel leads to decrease of variance of error in lateral chanmel up to 25 % (see
fig.3.22). The same effect takes place in lateral channel in case of improvement of l
aircrafl dynamics in longitudinal channel. This results was obtained and by use optimal
control modelling of pilot-vehicle system (see chapter 4).

In comparison with the single loop the increase of number of channels leads to
increase of resonance peak in the main loop level of remnant and pilot rating. The
influence of considered variable on the pilot rating can be evaluated with help of
equation given in [18] and slightly modified in [14]

PR=A+—1 ﬁ (PR; - A)

g i1

where A=9; B = 8.3,

PR; - pilot rating in “i” channel,
PR - general pilot rating, when pilot carries out control in m channels.
The analysis of equation demonstrated that the pilot ratings of flying qualities in

i

i

i

I

channel one ( PRI) and channel two (PRz), supplied the first and second levels has to l

be less 3.5 and 6.5 correspondingly. Only in this case the general rating PR, can '
correspond to the first or second levels. :

¢. Nonstationary conditions l

i

i

i

i

i

i

i

The experiments fulfilled in nonstationary conditions L=L(t) were carried out for the

S
Y

n
different variances of basket's desplacement .on both coordinates (¢, & = 0;

,
¥ s B

0.01 mz; 0.04 mz_; 0.09 m?'; 0.16 mz; 0.64 mz) with or without prefilter Wpf (in

s 058 .. o : 02
lateral channel W prqRs s i longitudinal channel ij v rr) ), for different
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controlled element gain coefficient, for singleloop (longitudinal) and dual-channel

system. The basic dynamic configuration in longitudinal channel corresponded to ¢

2D (see table 3.10), in lateral chammnel it corresponded to configuration given in t

o

able

3.10,

Table 3.10
longitudinal channel lateral channel '
K ~Zy U1 Ssp wsp n p -Mq g T2 K@jl

100 | 1.25 | 1.25 0.7 4.9 10 0 5 Ie, 40} 10 0
m/s | 1.25 35 | (14) 0.2 1 1
Ti, are constants
e
Ty
of prefilters W, 12

Pl " Tas+1

K, - bank feedback gain coefficient

The results of experiments - final error (the error at the position of contact betwee

probe and droque and probability on fulfilled of the task are given in tables 3.8 for

number of serieses of experiments.
First series of experiments
1. o, =0, m
without prefilters in both channels

1)

a

Table 3.11
. ; average
N 1 2 3 4 5 1 6 7 819 10 error, m
a=% | 607 | 004 | 0.024 | 0.043 | 0022 0.106 | 0.13 | 0.036 | 0.096 | 0.11 | 0.0%58
Kpy=al
%a=% 1 006 | 0.053 | 0,038 | 0.044 | 0.032 | o1 0.08 | 0.16 | 0.137 | 0.06 | 0.071
Kyy=02
R =0 1 0367 | 0192 | 0405 | 0273 | 0214 | 0382 0.225 1 046 | 014 |0.064] 027
Kyy=04
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with prefilters _Table 3.12

‘ . - , average

N 1 2 3 4 5 6 7 8 9 10 |

Ke1=02 | 0,153 | 0.0086 | 0.0428 | 0.026 | 0.045 | 0.026 | 0.015 | 0.015 | 0.01 |0.033| 0.03735
Kgy=02

=0 oo | 004 | 002 | 005 | 0.017 | 0.006 | 0.023 | 0.035 | 0.0037 | 0.023] 0.0265
K5’2=04

Ka=08 | 009 | 003 | 0.07 | 0.025 | 0.066 | 0.004 | 0.077 | 0.095 | 0.005 | 0.014] 0.0476
Ky =06

Ke=% § vom | 019 | 0.013 | 0.063 | 0.056 | 02 | 0.024 | 0.13 | 0.057 | 0.11 | 0.0923
.ﬁ"n:ﬁg

2. o; = 0.2, m

without prefilters Table 3.13

" - - avVeIagS

No 1 2 3 4 5 6 7 8 5 | 10 |momE

Ka=02 \ o | 028 | 0128 | 0.05 | 0.042 | 0.142 | 0267 | 0.157 | 0.095 [ 0.026] 0.134
X _,2=0.2

K., =04 - . ) R ; . . e

1 0.071 | 0203 1 0192 | 012 | 014 | 0289 | 0.055 | 0.26 | 0.096 | 0.087] 0.1512
Koy =04

with prefilters Table 3.14

. ) . . avernge

Ne 1 2 3 4 5 6 7 g |9 10 oo

Ka=02 1 5077 | 0.066 | 0.065 | 0.08 | 0.063 | 0.068 | 0.083 | 0.063 | 0.0425|0.025] 0.0631
K= 02

Ko=0% | 5033 | 0.074 |0.0475 | 0.108 | 0.07 | 0.033 | 0.0726] 0.028 | 0.0276 | 0.026| 0.0517
J’i’c.z:G.‘?

Key=06 | v047 | 0.08 | 0113 | 0.123 | 0.09 | 0.078 | 025 | ©.16 | 0.148 | 0.1 | 0.119
K= 06
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3. 0;, =04, m .
without prefilters (gains K.  were chosen by pilot) Table 3.15
b}’z y,
N 1 2 3 4 5 6 7 8 9 | 10 |PYemee l
EI13or.1n
Fer=0% ) o106 | 0.5 | 0093 | 0153 | 036 | 0.56 | 075 | 10 | 07 | vos| o4 I
Kgy=02
Ke=0 | 027 | 0252 | 0145 | 0171 | 0.065 | 0464 | 0,102 | 0.9% | 0466 042 | 0265 .
K,y=04
with prefilters (gains & o, were chosen by pilot) Table 3.16 l
)
No 1 2 3 4 5 6 7 8 9 | 1p |2vemee '
error, m
Ba=® 4 61 | 016 | 013 | 0116 | 0246 | 0291 | 0,146 | 018 | 002 l0122| o 154
4. o; =08, m '
without prefilters (gaing Kcﬁ were chosen by pilot) Table 3.17
gt
. R average .
N 1 2 3 4 5 | s 7 8 |9 10| oo
Ko=8% ) 165 | 19.95 | 129 | 6.3 08388 83 | 151 | 097 | 129 | 315 418 '
Kopy=04
with prefilters (gains Kc] , were chosen by pilot) "Table 3.18 l
2 .
. - average
No 1 2 3 4 5 6 7 R 9 10 error m l
=% | o007 | 024 | 0.075 | 057 | 0274 | 014 | 0236 | 029 | 0245 | 022 | 0387
K'cz =08 l

o & 2 o | |
R S S
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Second series of experiments ;
a) oy = 0.5, m
without prefilters Wy, in both channels K. =005 Table 3.19
Ne 1 2 3 4 5 6 7 8 9 10 |average
€I101, I
e 0.09 0.125 0.11 0.14 0.003 0.01 0.07 0.03 0.14 0.015 | 0.0733
with prefilters K; =001 Table 3.20
Ne 1 2 3 4 5 6 7 8 9 10 | average
error,m
e 0.05 0.07 0.06 0.03 0.035 0.05 0.014 0.03 0.04 0.03 | 0.0369
_ b) o; =02, m
without prefilters K, =001 Table 3.21
Ne 1 2 3 4 5 6 7 g 9 10 | average
» €ITOx, I
e 0.1 0.29 0.08 0.25 0.076 0.27 G.12 0.245 0.18 0.28 0.179
with prefilters K, =015 Table 3.22
Ne 1 2 3 4 N 6 7 8 9 10 average
eIror, m
e | 0077 ¢ D045 0.07 0.04 0.0 0.03 0.03 0.06 0.08 0.05 | 0.0492
¢) oy = 0.3, m
without prefilters K, =0.15 Table 3.23
No 1 2 3 4 5 6 7 8 9 10 | average
&I701, M
e | 0.01 0.035 0.6 0.7 0.2 0.47 0.17 0.15 0.86 0.29 | 0.3525
with prefilters K; =102 Table 3.24
No 1 2 3 4 5 6 7 & 9 10 |average
error,m
e { 0.084 | 0.09 0.05 0.11 0.05 0.08 0.09 | 0.071 | 0.063 | 0.074 | 0.0772
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. d) oy =04, m
without prefilters (o =02 Table 3,25 l
N| 1 2 3 4 5 6 7 8 9 10 |average |

EITOr, I
e 0.23 0.17 0.3 0.26 0.37 0.12 1.2 0.2 0.38 0.26 . 3481

with prefilters ‘ K. =025 Table 3.26'
Ne 1 2 3 4 5 6 7 8 9 10 |average
€I701, I

e | 0.036 | 0.037 0.2 0.03 0.04 0.16 0.07 | 0016 | 0.14 0.05 0.0?Sh

e) o; = 0.6, m

without prefilters K. =03 Table 3.27 I
Ne 1 2 3 4 ] 5 -6 7 8 9 10 |average
: &I, M
e | 0.33 2.36 0.88 6.3 1.916 | 0.64 0.27 0.82 1.18 0.06 | 1.175
with prefilters K, =03 Table 3.28 I
Ne 1 2 3 4 5 6 7 8 9 10 avemg?}
IrofL, m |
e | 0.073 | 0.09 0.22 0.11 0.013 | 0.009 | 0.i6 0.03 0.08 0.17 | 0.0855 i

Third series of experiments l
. a) oy =01, m
without prefilters K, =01 " Table 3.29 l
M| 1 2 3 4 5 6 7 B 9 10 |average
€Iror,1n I
c | 0.103 0.03 0.005 | 0.008 0.02 0.067 | 0.057 0.05 0.014 0.02 | 0.0372

with prefilters K, = 0.1 Table 3.30
Ne i 2 3 4 5 6 7 8 9 10 |average
cIror,m

e | 0.06 0.05 0.03 0.028 | 0.04 0.035 ¢ 0.036 | 0.005 { 0.027 | 0.04 | 0.0351

b) oy =02, m

without prefilters Ko =101 Table 3.31
MNe i 2 3 4 5 6 7 8 92 10 |average
) error,m

e | 0.16 0.13 0.2 0.18 0.19 0.01 0.09 0.14 0.26 0.18 | 0.154
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with prefilters K, =10.1 Table 3.32
Ne 1 2 3 4 5 6 7 8 9 10 average
€ITOT, M

t 0.13 0.07 0.003 0.11 0.075 0.03 0.02 0.05 0.036 | 0.002 { 0.052¢6
without prefilters K, =102 Table 3.33
Na 1 2 3 4 S 6 7 8 9 16 |average
eIror, I

e 0.25 6.37 0.016 | 0.24 0.05 0.11 0.13 115 0.08 0.01 | 0.2455
with prefilters K, =025 Table 3.34
Ne 1 2 3 4 5 6 7 8 9 10 javerage
. €rrofr, Im

e | 0.06 0.11 0.05 0.12 0.09 0.1 0.1 0.06 0.07 0.06 0.08

d) oy = 0.6, m

without prefilters X, =103 Table 3.35
Ng 1 2 3 4 5 6 7 8 9 10 |average
: &ITOr, 1M

e 1.51 0.025 0.95 0.45 0.415 0.14 0.06 0.23 0.62 0.34 0.474
with prefilters K, =03 ‘Table 3.36
Ne 1 2 3 4 s 6 7 8 9 10 | average
error, m

e 0.17 0.07 0.21 0.05 0.09 0.06 0.07 0.1 0.1 0.13 0.104

The experiments in unstationary conditions
(only longitudinal channel)
1) g; = 0.1, m

without prefilters _Table 3.37
Nl T ] 23] 4| s |6 7|89 101012 |13|14]15] g

oy m

© | 0.056 | 0.036 |0.056 {0.07 [0.069 |0.092 {0012 [0.017 | 0.0 [006 [0.083 [0.024 [0.072 | 0.034 | 0.014 | 0.0428
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with prefilters Table 3.38
Nol 1 34l s 678 ol el s

gE By
B &

ror

€ 10052 {0044 {0.022 {0.074 0016 0.06 10.015 10.015 {0.018 | 0.074 10.034 |0.0S8 | 0.012 ] 0.005) 0.018 8.034

2) o; = 0.2 mra-
without prefilters Table 3.39
N 1020304516289 10|11 |12]13]14]15]|2
: or,m

© 10038 §0.047 | 0.026 | 0.015 | 0.089 0.025 10.031 16.02 [0.011 {005 10.063 |0.033 |0.01 | 0.053) 0.042 | 0.055

with prefilters Table 3.40
Nel 1 B4 s 6 78 o023 1415 |0
Iar M

€ o0z f0.024 |0.03 ]0.073 {0.026 |0.038 0.09 10.01 1005 10.02 [0.028 {0.045 |0.053 | 0.006 ] 0.063 | 0.038

3o ;= 0.4m
without prefilters . Table 3.41
Ny 11203041516 7|8 9 10|11 12{13]|14]15]|0%
IGEn
€ o088 |02 Q008 1 0.022 1 0146 10105 10070 1002 1000 {04022 |00 001 1008 Loant?i 020 {01308
with prefilters Table 3.42
Nl 1 314 sl 67891012l uK|is|T

ror am

Cl003 (016 004 |0.062 |06.044 |0.07 |0.14 0.18 10.04 10.066 |0.084 {0.025 16.02 | 0.025! 0.024 | 0.067

The influence of prefilters the experiments demonstrated the congiderable
improvements of measured characteristics for ACAH system  in case of increased
values of variance of basket’s displacement (see fig.3.23),

‘The probability of successful fulfillment of refueling task for wide interval of variance

of basket’s displacement is considerably higher in case of use ACAH type of FCS
(fig.3.24). The comparisons of finul error obtained in experiments in singleloop (sce
1ig.3.25) and dval loop system (fig.3.24) demonstrates that the main part of error is
defined by the error in lateral channel.
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P r=0.2 [m]
| ‘ e ‘ 1 series
@3 ‘%-.__J () with Wr
0,9 . 3} § without wpr
0,8 \i 0
0.7 "\ 2 series
b \ ‘\‘ O With Wpr
0,6 ‘\ll : @ Without Wpr
0,5
04 . 3 series
0,3 * {? B Without Wpr
0,2
o #\\
0

0 01 02 03 04 05 06 07 08 6‘i,m

fig. 3.24. Probability of fulfilment of refueling task

G e e

REGENT 3 hy 2 . .

— .



- 17 -

&, m
0,15
0,1 /
0,05 _——:_///
o T M ' °
0 0,1 0,2 0,3 04 d i[m]
Fig.3.25. Influence of variance of input signal on accuracy single loop

case
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The increase of variance of input signal caused the increased of optimum gain
cocfficient. The optimum was defined in the first sevies of experiments as a value
supplied the minimum of mean square error (fig.3.26) . In 2 and 3 series of experiment

the gain coefficients were chosen when inrease..
3.3.2. The development of criteria for evaluation of flying gialities in refueling task

There were carried out the experiments on MAI workstation with dynamic
configurations given in tables 3.4, 3.5 with goal to develop the criteria for evaluation of
flying qualities in refueling task. The values of measured pilot-vehicle system
characteristics are given in table 3.41.

The flying qualities were evaluated for the distance between pilot and droque equal
to L = 5 m, and for distance between pilot and center of gravity equal 7 b= 2m It

X
means that parameter / = 7 m. The controlled element dynamics in this conditions

close to the dynamics W, = f‘i%z% and at the same time the pilot's workload and

achieved errors allowed to differ investigated configurations in case of use Cooper-
Harper scale.

The pilot task was the compensation of error between the center of droque and
center of cross indicated the end of probe. The picture drown or the screen is shown
on fig.3.27.

The altitude control tracking task is considerably more diffecult in comparison with
the attitude tracking task. According to the technique described in chapter.2 this factor

sk

requires to change the ratio —%‘9‘5— For the considered dynamic configurations this
)

ratio was chosen equal to 0.5, This value éHowcd to get pilot ratings in rather wide
range from PR =2 up to PR = 7.
The desired performance was chosen equal to the a half of droque diameter (d):

dfiff:%d. For the distance L = Sm and for d = 0.8 m dg}g‘ =04 m or a,gg’

= 4.6 deg. In that case the mean square error of input o; = 2, 3 deg. The spectral

_&,'}.

density of input signal was defined by the second order model Sy = . Th
o (@ +05)
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Ko 0= 0.81m
.6
without prefilters
ﬁi= 0.4tm Wpr
% | E— 0.2tm1 with prefilters
1 Wpr
2

) ; . : . opt
Pig. 3.26. Influence of input on optimal gain coefficient KC

(dual channel case)

drogue

i
!
i

Fig.3.27. Display
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The obtained values of normalized resonance peak (7) in closed-loop system, pilot
phase compansation (Ae p) calculated according to the rule piven in chapter 3.1
allowed té got the lines of cqual pilot ratings (PR = 3.5 and PR = 6.5) in the range r,
App fig.3.28 which can be considerable as a criteria for evalution of flving qualities in

refueling task.
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Pilot phase compensation

129

W.,deg

Fig.3.28. Criteria for evaluation of flying qualities in refueling task

conf | r,db|W ° conf |r,db W, |PR conf w,° |PR
1D {7.461 102 R1 (696102 7 Al 89 | 4+5
2D | 2.8 96 R2 [7.02|91.7| 7 A2 75.51 3+4
4A 1 4.2 180.9 R3 [6.35/934| 6 A3 75.812+3
SA 12.8|87.3 R4 [4.87{904] 5 A4 7241 2+3
1B {6.1]95.1

2A 1 3 190.1 RX1| 8.6 |83.7| 7

1E 16.47| 112 RX2[5351 8 | 6

4D | 5.8 {93.2 RX3|4.65|79.1] 5 !

5D |3.02|94.4 RX4|3.44|80.6 3: '
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CHAPTER 4

THE SOME MODIFICATIONS OF HUMAN-OPERATOR OPTIMAL CONTROL
MODEL (OCM) AND ITS APPLICATION TO THE DIFFERENT MANUAL CONTROL
TASKS

4.1. The modified OCM of human-operator behavior

The human-operator OCM had wide use in investigations of different manual
control tasks. The structural scheme of OCM is shown on fig.4.1. The cost function

used In majority research has the following form:

2 2
J=oa+Qpoy.
Analysis of investigations demonstrates that the form of cost function doesn't allow:
- 1o get accurate results close to experimental in many cases;
- to define the optimal controlled element gain coefficient.

In [1] it was developed the modified algorimth for OCM where the cost function
had the form |

T =t Quoa+ Gy, (4.1)

It that case the careful choice of weighting coefficient @, allowed to improve the
agreement between all modeling and measured frequency and integral characteristics.

Because of the considerable difference in obtained values of weighting coefficient
&, (Q =0+ 1.5, see [1]) this version of OCM can be used only for ahalysis of results

obtained in experiments. It makes doubtful to use this model for reliable prediction of
results.

The developed in {1] version of OCM gives the different results for the different
controlled element gain coefficient (X;). In this model the influence of X is the

same as the influence of weighting coefficient @, because of in this case K, is a

2
scale factor for o, . The shortcoming of this modified model is also impossibility to
expose the influence of X, on component of variance of error uncorrelated with input

2
o

o
. 2 . € . . . .
signal (O'e ) and ratio ——:‘?— At the same time the experiments (see fig.4.2)
11 o
¢
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Fig.4.1. Structure of OCM
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demonstrate such eﬂ‘éct.

In the frame of current investigation the developed modifications allowed to predict
the results of mathematical modeling wiih high reliability. There were carried out the
following modifications

- the modified model of motor noise,

- the procedure for the choice of the model’s parameters,

- the procedure for the optimization of controlled element gain coefficient.

The modified model of motor noise. It was offered the following model for the

motor noise

2

4

o v
~ Y/
Viua=Vu +PouCuz -

The introduction of the additive noise Vuo allowed to increase the potentialities of
model:

- to take into account the effect of increase the level of the noise in case of increase
of controlled element gain cocfficient,

- to decide the problem in choice of weighted coefficients in cost function.

The introduction of additive noise increases the level of total noise what requires to

decrease the values pg,,, and pyy;.

The procedure for the choice of pyy,, p 31 Pou fd V), discusses below together

with the procedure for the choice of weighting coefficients in cost fimction.

The procedure for the choice of the model's parameters. The choice of OCM

parameters with modified model of motor noise was based on experiments fulfilled for
the different controlled element gain coefficient. For the choice it was used the
simplified controlled element dynamics of aircraft (3.3) corresponding to the air-to-air

tracking task with the following parameters: -2, w = 125 1/8, V=250 m/s, L =
] * * *¥% *
600m, £¢=1, 0 =251/, K, =0.5 K;, Ky, 2K, where K, corresponded to

¥
the value chosen by pilot ( K, = 2.262 1/deg).
The input signal has the spectral density




ﬁ
“ 2
Sl.l.z__£~_, oy =05 1/8, oy =4 sm?,
2 2.2
(@ +ay)

The results of experiments shown on fig4.2 demonstrate the obvious optimum

K, ; supplied the minimum variance of error. The procedure for the choice of
op

parameter had the goal to define the OCM parameters supplied the agreement between

calculated gain coefficient and K, ; obtained experimentally. By direct comparison
op

of the results it was obtained the parameters given in table 4.1.

Table 4.1.
Tv.s T, 8 V}? Poyl Poy2 pou2 Qy 1/ deg?
. 0.05 0.25 0.02 0.005 0.005 0.003 0.01

The chosen parameters allowed to get the results of mathematical modeling. Show
on fig.4.3 and fulfilled to the same (as in experiment) controlled element dynamics.
There is seen good agreement between all measured and calculated characteristics.
These OCM parameters were used for the following modeling of applied manual
control tasks.

Procedure for optimization of controlled element gain coefficient. The existence of

9
minimum variance of error in finction oe=f(K,;) was used in development procedure

2

in choice of X, . This procedure is carried out according to the criteria min Op in
op

parallel with the calculation of the pilot describing function fulfilled according to the
cost function (4.1). In majority cases the predicted gain coefficient corresponded to
optimal coefficient defined in following experiments.

it is shown below in analysis of pitch tracking tasks for HAVE PIO configurations.

4.2. The application of optimal control model of human-operator for the different
manual control tasks

The modified optimal control model was applied for investigation of several piloting

tasks: pitch tracking task for Have PIO configurations, air-to-air tracking task,
refueling '

L omeeea
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task. The results of the mathematical modeling are discussed below.

a. The application of OCM model to pitch control tracking task with HAVE PIO
configurations |

The modified OCM was used for the modeling of pitch control tracking task with
HAVE PIO data base. | - |

The experiments with HAVE PIO configurations were fulfilled with one of the side
stick having the different characteristics in comparison with the other side stick used
for in described above experiments fulfilled for the choice of OCM parameters. Due to

this circumstance it was determined the necessity to change the neuromuscular time

lag. It was defined that the best value of this parameter corresponding to the used
manipulator is 7, = 0.2 sec, The results of mathematical modeling demonstrated
good agreement of with experiments for all investigated configurations on fig.4.4-4.18

there are given the results of such comparison and on fig.4.19-4.20 results of

mathematical modeling only.

The mathematical modeling was carried out with controlled element gain
coefficients chosen in experiments by pilot. Additionally at was calculated the optimal
gain coefficient supplied the minimum variance of error with help of OCM.

The results of this additional modeling are given in table 4.2. There is seen that
except configurations 2.5, 3.1 the OCM allowed to predict X, very accurately (the
maximum error in prediction of this coefficient was 60 % for configuration 2.5).

The results of the modeling and experimental investigation given in table 4.2 were

used also and development of function PR = f1 (af,). The function was obtained from
equation (2.10) by supposing that

d__ %e
dopt Topt
where for considered input signal cri = 0.0625 deg?.

opi

Taking it into account it was obtained
2
PR =843 +2.68 Ino, (4.2)
2
On fig.4.21 there given the values PR and o obtained in experiments and by use

. . , 2 »
the function (4.2) where variance o, corresponded to calculated values. The results
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Table 4.2

Config, O_’é Kgxp K; opt PREXP

2-B 0.192 1.5 1.7 3

2-1 0.246 1.5 (1.9-2.4) 4

2-5 0.468 2.5 4 6

2-7 0.339 3 " S

2-8 0.363 1.75 M 5

3-D 0.201 225 2 4

3-1 0.195 3 1.8 4

3-3 0.270 - 2.5 .

3-6 0.246 2.5 . 5

3-8 0.297 2.7 ) S

3-12 0.538 3 3.5 6.5

3-13 0.451 2.5 2.5 5

4-1 0.212 1.75 1.75 3

4-2 0.268 - 2 -

5-1 0.279 2.5 (3.25-3.5) 5

5-9 0.474 35 (3.0-3.5) 5

5-10 0.570 3 | (3.0-3.5) 6.5

* - no data because of long time duration of calculation.
demonstrated that the function can be used for the prediction pilot rating, In

average it gives increased value of PR on 0.5 unit.
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b. Air-to-air tracking task
OCM was used for the definition of the lines of equal variances of error in the

coordinates  &sp and og, and theirs comparison with the lines obtained

experimentally and described in chapter 1.

The mathematical model of controlled clement dynamics corresponded to the
equation (3.3). | '
The input spectral density of input signal corresponded to the following equation

Sﬁ:—————————K_

2 22
(0 +057)
2 2,
oy =4 (deg ).
The parameters of optimal control model are given in table 4. 1.
The modeling was carried out for the different combinations of £g, and wgpy. For

each of them it was calculated simultaneously the optimal gain coefficient X ot
o)

supplied the minimum variance of error. The results of calculation for -Zy, = 1.25,
I/s and -Zy,, = 3.5 1/s are given in tables 4.3 and 4.4, on fig.4.22 and 4.23 there are
drawn the lines of equal errors. The calculated pilot describing functions for a number

of parameters (& spr @sps -Zy,) are given on fig.4.24-4.30 these characteristics have

good agreement with results of experimental investigations shown on these figures too.
c._Refueling task

It was considered the dual channel pilot-vehicle system. The effect of increased

number of channels was taking into account with help of attention distribution

n
parameter f7: Zt}- =1, where n is a number of channels. This takes into account the

i=]

2 " .
increase of observation remnant level V,; = 'C—;Siac where the additional channel is
61' 1

added.
With help of OCM it was investigated the influence of controlled element in

longitudinal channel on pilot-vehicle system characteristics in the other channel. For

that purpose it was considered two types of FCS in longitudinal channel - RCAH and




52(0CM) = (£ )

for -2y, =125, 1/s

l
-
N
[}

!

Table 4.3

&

w, 1/3

0.286

0.3

0.5

0.7

1.0

1.5

2.0

1.0

0.1672

1.2

0.1886 -

1.225

1.25

1.5

1.75

0.1372

2.0

2.5

0.1246

2.625

3.5

4.0

0.1170

5.0

0.1001

7.0

0.1187

8.0

0.1034

10.5

0.1088

55(0CM) = {2,e)

for ~Zy, = 3.5, 1/s

Table 4.4

i«

S
, 1/5

0.3

0.5

1.0

1.5

2.0

1.2§

0.2528

2.0

0.1870

2.5

3.0

3.5

0.1454

4.0

5.0

0.1356

0.1066

7.0

8.0 .

0.0967

10.5

14.0

0.0896
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ACAH. The transfer function for controlled element dynamics m this channel is the
following ’ |

W, = Wp,%w*”y

where Wpr =1  for RCAH type of FCS

r __1s
or =TT for ACAH type of FCS.

The transfer functions Wy and ng correspond to the equations (1.6) and (3. ).

The transfer fimction for controlled element dynamic in lateral channel can be
obtained by usc the equations (3.4) (3.6) and taking into account the bank feedback
and. It is the following

W, - e _ KP(S+V/L)(S— Zy)

P ca 32(—1%%32+—31;S+1) {

where for longitudinal channel
wg= -Zyw = 1.25;
£=07, o5 =4.9;
V=100 m/s, L = Sm,

for lateral channel
Tp=0258, Ky =2
T=02s.

By use the OCM it was calculated variances 0'; () (for ACAH and RCAH
v

5 ,
system), o (1-1) where f = 02 + 0.8, and oé:az +02 . The results of
& &

L & fL
mathematical modeling shown on fig.4.31 demonstrated that the different types of
systems correspond to the different value of f.

It was shown also that the improvement of flying qualities in longitudinal channel
(use of ACAH system) causes the decrease of variance of error in longitudinal and in

lateral channel too. This results corresponds to results of experimental investigations.
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GENERAL CONCLUSSIONS

In this report the following research were fulfilled i

- analysis of problems in use of the standards for flying qualities of requirements and
criteria for their prediction,

- development of technique for evaluation of flying qualities,

- development of criteria for evaluation of flying qualities based on standardization
of pilot-vehicle system characteristics for a number of piloting tasks,

- modification of human operator optimal model.

The main results arc the following;:

A. Exposed problems in standartization and use of criteria for evalulution of flying
qualities:

- Apperance of new -types of vehicles noncoresponded to the known classes of
aircraft.

- Nonoptimum way in choose of flying qualities for each piloting task by use the
requirements developed for flight phases.

- Variability and défficalties in evaluation of flying qualities in investigated piloting
task due to uncertainty of key parameter of Cooper-Harper sxale - task performances
and pilot complusation.

- Imposibility to use the carrent requrements for evaluation of flying qualities for
highly augmented aircraft with new types of responses and nontraditional side effects.

- Bad accordance between the known requirements to aircraft dynamic parameters
and requirements followed from the investigation of tracking tasks.

- Low potentiality of know-criteria developed from pilot-vehicle consideration for
prediction of flying qualitics.

B. Developed system approach for decision of different manual control tasks and
definition of main problems in creation of criteria for flying qualities on basis of system
approach.

C. The technique for evaluation of flying qualities in tIapkmg piloting tasks. There
were: Developed

- the technique for definition of pilot rating as a fimction of Flying Qualities
Parameter and obtained the rules for use of this function in case when the Task
Desired Flying Qualities is determined by the conditions of fulfilment of concrete
tracking piloting task.
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- the function PR = F(J jag. opt) for compensatory tracking tasks. On basis of

this function there are defined the relations for determination of desired and adequate
task performances supplied the equal PR for different input spectral density. It was also
checked the function PR = f{Flying Qualities Parameters) in experiments with Neal-
Smith and HAVE PIO configuration and demonstrated good agreement of results.
D. The modified criteria for prediction of flying qualities and PIO tendency in pitch
tracking task. '
- The criteria based on standardization of the following parameters: normalyzed
resonance peak I=r /15, and pilot compensation parameter (7, gaa’: %’)—— or
K & 1
qu)—

@3

*
T]ag = ).

- The criteria was tested for a wide data base inchuding 23 Neal-Smith, 25 LAHOS
and 16 HAVE PIO configurations. All experiments demonsirated good agreements with
proposed boundaries.

E. The criteria for evaluation of flying qualitics for probe and droguc refuling task.

- The criteria bases on investigation of 9 Neal-Smith and 12 HAVE GAS
configurations.

- The developed technique for evaluation of flying qualities allowed to get the
desired and adequate task performances for refueling tasks.

F. Wide investigations of inflnence of task variables on pilot-vehicle system in
refucling task exposed

- The considerable influence of distance between pilot and drogue on different task
variables causing the change of pilot-vehicle system characteristics.

- Considerable potentialities of FCS supplied ACAH type of response in lateral and
longitudinal channels at the final stage of refueling.

- The higher potentialities of aircraft with conventional type of response in
comparison with RCAH type in refueling and the opposite effect in air-to-air tracking
task.

For aircraft with conventional type of response the accuracy in refueling increases
for decreasied danping ratio,

- Some peculiarities of human behavior in refueling:

-



-
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a. The possibility to close the additional inner loop in case of high values of

varianses of backet displasment or conti‘oﬂcd element gain coefficient. \

b. The usade of information about the linear (noi angular) coordinate &cﬁncd the
position between probe and drogue at the last stage of refucling.

G. The modification of pilot behavior OCM. The modifications allowed:

- to improve the agreement between the experimental and mathematical modelling
Tesults, '

- to optimize controlled element gain coefficients,

- to spread the potentiality of model in explanation of peculiarities of pilot behavior,

- to decide the problem in choose of weighting coefficients in cost function for
singleloop compensatory tasks.

H. Wide use of OCM in decision of different piloting tasks:

- air-to-air tracking task,

- 'pitch tracking task,

- refueling task.
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